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R E S Ú M E N
La bacteria Escherichia coli (E. coli) es uno de los organismos que se
utiliza para estudiar la división celular bacteriana dada su fácil repro-
ducción y crecimiento en laboratorios. Esta bacteria, del tipo Gram-
negativa, ha sido investigada exhaustivamente en los últimos vein-
te años intentando entender los mecanismos de su división celular.
Muchas de las bacterias Gram-negativas son patógenas por lo que
desarrollar nuevos fármacos capaces de controlar su proliferación es
importante para curar infecciones.
Gracias al meticuloso estudio realizado por varios grupos de inves-
tigación, se han identificado las proteínas y genes involucrados en la
división celular de E. coli. Un complejo macromolecular constituido
por al menos 10 proteínas esenciales, y otras 15 proteínas accesorias,
es el responsable de dividir la bacteria. Este complejo de proteínas
altamente dinámico, llamado divisoma, debe ensamblarse en el sitio
donde se producirá la división de la célula bacteriana.
La división se inicia con la formación del proto-anillo. Este anillo
lo constituyen polímeros de la proteína FtsZ (el anillo Z) y dos proteí-
nas asociadas a la membrana celular interna: FtsA que interacciona
a través de una hélice anfipática, y ZipA que se encuentra integrada
a través de una única hélice transmembrana. Dado que FtsZ se halla
soluble en el citoplasma bacteriano, los polímeros necesitan interac-
cionar al menos con FtsA o ZipA para ser anclados a la membrana
interna a través de su interacción con el carboxi-terminal de FtsZ.
También se han identificado otras proteínas accesorias, aunque no
esenciales, que se localizan en el sitio de división y contribuyen a la
estabilización del anillo Z antes de iniciarse la constricción de ambas
paredes celulares, interna y externa.
FtsZ es una proteína capaz de polimerizar uniendo dos monóme-
ros por medio de la incorporación de una molécula de nuclótido GTP.
Inmediatamente después de la unión de GTP se produce la hidróli-
sis del nucleótido en GDP que se intercambia nuevamente por otro
GTP manteniendo la unión entre monómeros estable. Esta actividad
GTPasa sumada al rápido intercambio de monómeros dentro de un
polímero hace que FtsZ muestre in vitro un alto polimorfismo y dina-
mismo bajo distintas condiciones de polimerización. Mediante técni-
cas de microscopía, tales como microscopía electrónica o microscopía
de fuerzas atómicas, se han observado filamentos simples, dobles,
curvos, rectos, circulares, en forma de espiral y planchas de políme-
ros asociados lateralmente, así como superestructuras del tipo cintas
y toroides.
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Dado que FtsZ exhibe in vitro este extenso polimorfismo, las pre-
guntas inmediatas que surgen son ¿cómo se encuentran dispuestos estos
polímeros dentro del anillo Z? y ¿cómo es el mecanismo de generación de
fuerza necesaria para la constricción de la célula bacteriana?
Para responder a estas preguntas se han realizado diversos estudios
tanto in vivo como in vitro, y se han propuesto diferentes modelos
de organización de los polímeros de FtsZ y de posibles mecanismos
generadores de fuerza.
Experimentos in vivo han mostrado que mutaciones en ciertos amino
ácidos de FtsZ alteran la funcionalidad de la proteína inhibiendo la
división de E. coli. Sorprendentemente, todas las mutaciones de FtsZ
dirigidas a las zonas de contacto lateral entre polímeros han impe-
dido que la bacteria se divida indicando así la importancia de las
interacciones laterales para su división.
A partir de datos experimentales in vitro se han propuesto diferen-
tes modelos matemáticos de mecanismos posibles para que los fila-
mentos de FtsZ sean contráctiles. Estos modelos se basan en cambios
en la curvatura de la unión entre monómeros debido a la hidrólisis
del nucleótido, interacciones laterales o restricciones en la torsión na-
tural del filamento según su anclaje a la membrana.
A pesar del extenso trabajo in vitro y del avance de la microscopía
de alta resolución in vivo, no se ha llegado a un consenso sobre la
disposición de los polímeros de FtsZ dentro del anillo de división así
como del mecanismo molecular generador de la fuerza constrictiva.
Se han propuesto como aspectos relevantes para la constricción a la
curvatura y a las interacciones laterales de los filamentos de FtsZ. En
esta tesis nos proponemos explorar in vitro el comportamiento de dos
mutantes laterales no funcionales de FtsZ descritos previamente por
Shin et al. [Shin et al., 2013], y compararlo con el de la proteína nativa
mediante un sistema reconstituido en superficies in vitro. Queremos
identificar qué características del comportamiento in vitro de estos
dos mutantes puede asociarse a su no funcionalidad in vivo.
Para caracterizar el efecto de estas mutaciones disponemos de dos
técnicas biofísicas de caracterización en superficie: Microscopía de
fuerzas atómicas (AFM) y Microbalanza de cuarzo (QCM). Mediante
AFM estudiaremos cómo estas mutaciones laterales de FtsZ afectan
la forma y dinamismo de los polímeros en mica, así como la forma-
ción de agregados en mica y en bicapas lipídicas ancladas, cuando
estos filamentos están unidos a través de ZipA. Con QCM cuantifi-
caremos la interacción de FtsZ y ZipA en bicapas lipídicas ancladas
a superficies planas para compararla con las medidas disponibles en
solución.
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S U M M A RY
Escherichia coli (E. coli) bacterium is one of the organisms used to study
bacterial cell division given its easy grow and proliferation in labora-
tories. This Gram-negative bacterium has been studied extensively
during the last two decades aiming to understand the mechanisms of
its cell division. Many Gram-negative bacteria are pathogens and to
develop new compounds to control their proliferation is important to
cure infections.
From the meticulous research made by several groups, the proteins
and genes involved in E. coli cell division have been identified. A
macromolecular complex is the responsible for dividing the bacterial
cell, composed by at least 10 essential proteins and other 15 accessory
proteins. This highly dynamic protein complex, the divisome, must
assemble at the cell division site.
The bacterial cell division starts with the formation of a proto-ring.
This ring is constituted by polymers of the protein FtsZ (the Z-ring)
and two membrane associated proteins: FtsA that interacts through
an amphipathic helix, and ZipA a bitopic protein integrated into the
membrane with a single transmembrane helix. FtsZ is a cytoplasmic
protein, therefore, its polymers need to interact with at least FtsA or
ZipA to be anchored to the bacterium inner membrane through their
interaction with the C-terminus of FtsZ. Other proteins, although not
essential, have been identified to localize at the division site that con-
tribute to stabilize the Z-ring before the constriction of both inner and
outer cellular walls begins.
FtsZ is a protein able to polymerize by binding two monomers
incorporating a molecule of nucleotide GTP. Immediately after the
binding of a GTP, the nucleotide is hydrolyzed into GDP and it is
interchanged by another GTP molecule stabilizing the bond between
monomers. This GTPase activity in addition to a fast exchange of
monomers within a polymer makes FtsZ displays a high polymor-
phism and dynamism in vitro. By means of electron microscopy and
atomic force microscopy techniques it has been observed FtsZ single
filaments, double, curved, straight, circular, spiral and sheets where
polymers are associated laterally, as well as superstructures like rib-
bons and toroids.
Given this extensive FtsZ in vitro polymorphism the immediate
questions that arise are how are these polymers arranged within the Z-
ring? and how is the force generating mechanism needed for the constriction
of the bacterial cell?
To answer these questions several studies have been made in vitro,
and different models have been proposed for the organization of the
FtsZ polymers and possible force generator mechanisms.
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In vivo experiments have shown that mutations on certain amino
acids of FtsZ alter its functionality preventing E. coli bacterium from
dividing. Surprisingly, all site-directed mutations to the lateral con-
tact zones between polymers are non-functional indicating the impor-
tance of these lateral interactions for bacterial cell division.
From in vitro experiments, there have been proposed several math-
ematical models for the mechanisms in order to have contractile FtsZ
polymers. These models are based on changes in curvature induced
by the nucleotide hydrolysis, lateral interactions or restrictions on the
filament natural torsion depending on its anchoring to the membrane.
In spite of the extensive work in vitro and the advance of the high
resolution microscopy techniques, there have been no consensus about
the arrangement of the FtsZ polymers within the division ring nor the
molecular mechanism able to generate the constrictive force.
Both lateral interactions and curvature of the FtsZ filaments have
been proposed as relevant for constriction. On this thesis we want to
explore in vitro the behavior of two non-functional FtsZ lateral mu-
tants early described by Shin et al. [Shin et al., 2013] and compare
them with that of the native protein by means of a reconstituted sys-
tems on surfaces. We want to identify which characteristics in vitro
for these two mutants can be associated to their non functionality in
vivo.
To characterize the effect of these mutations we will use two bio-
physical techniques on surfaces: Atomic force microscopy (AFM) and
Quartz Crystal Microbalance (QCM). With AFM we will study how
these mutations affect the shape and dynamism of the polymers on
mica, and the formation of bundles on mica and supported lipid bi-
layers when these polymers are anchored through ZipA. With QCM
we will quantify the interaction between FtsZ and ZipA on planar
lipid bilayers comparing them to the reported values in solution.
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Part I
I N T R O D U C T I O N
This introduction will summarize what is known about
the bacterial cell division process, the machinery involved
and its protein components.
I first present an introduction to Gram-negative bacteria
and a description of the essential structures for bacteria
survival. Then, I describe two essential proteins involved
in bacterial cytoskeleton: the cytoplasmic protein FtsZ, re-
sponsible in part of generating the force needed for cell
division, and ZipA, the FtsZ filaments anchor membrane
protein; and how they interact to form polymers and ag-
gregates. Then I address some mathematical models pro-
posed to explain where the constriction force comes from
and how protein mutations are a helpful tool to reveal
nonfunctional division machinery. Lastly, I present the ob-
jectives of the thesis.

1
G R A M N E G AT I V E B A C T E R I A
Bacteria and archaea are the two mayor domains of prokaryote or-
ganisms. The mayor characteristic of prokaryotes is that they lack
of internal membrane system, contrary to eukaryotes which present
several degrees of internal cell organization or organelles.
Figure 1: Cartoon for Gram-positive and Gram-negative bacteria cell walls.
Besides their differences in cellular morphologies, mostly spheri-
cal or rod-like shaped, bacteria divide in two types: Gram-positive
or Gram-negative. The name is given by a largely used staining test
to differentiate bacteria. This method developed by Hans Christian
Gram distinguishes bacteria by the properties of their cell walls and
its peptidoglycan (Figure 1). Gram-positive bacteria are surrounded
by a single lipid membrane and a thick wall with many layers of pep-
tidoglycan responsible for retaining the Gram-stain. On the contrary,
Gram-negative bacteria have a thin cell wall consisting of a few layers
of peptidoglycan surrounded by a second lipid membrane. This outer
membrane, containing a unique component, lipopolysaccharide, pro-
tects the bacteria from several antibiotics and provokes an immune
response in human body.
There is about ten times as many bacterial cells as there are human
cells in the body, most of them are harmless and some are even bene-
ficial. Nevertheless, several bacteria are pathogenic and cause serious
infectious diseases.
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1.1 escherichia coli
Most bacteria are Gram-negative, thus by studying the essential cell
functions might help to elucidate ways to control proliferation and
viability, and to develop novel compounds to cure infections.
Escherichia coli (E. coli) is a Gram-negative bacterium commonly
found in the lower intestine of warm blooded organisms. This partic-
ular bacterium has been intensively investigated over the years given
its easy and inexpensive growth in a laboratory becoming the domi-
nant and model organism to study bacterium cell division.
Figure 2: AFM image of an E. coli bacterium. Adapted from
http://www.icmm.csic.es/spmage/ spmagegallery07.php.
1.1.1 Cell division
Cell division implies the formation of a highly dynamical macro-
molecular complex constituted by at least ten essential proteins, and
about fifteen more accessory proteins recruited to the division site
[Egan and Waldemar, 2013, Natale et al., 2013]. The divisome mustDivisome: assembly
of all proteins
required for cell
division
assemble in a multistage process at midcell to form a division ring
giving as a result two cell poles [Vicente and Rico, 2006], where all
cell envelope layers must remodel during division.
Bacteria multiplication must go under cycles of cell growth and
division, in which all its components must be synthesized and dis-
tributed between daughter cells. There are two components that each
daughter cell inherits directly from their mother: the chromosome
and the cell wall peptidoglycan sacculus. Therefore, both compo-
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nents need an efficient machinery to be replicated and distributed to
the daughter cells.
1.1.2 The division Ring
E. coli cell division proteins and genes have been defined over several
decades of work by means of classical and molecular genetics and
the fluorescent protein accessibility. The current picture is that the
proteins are recruited based on their topological properties and not
according to a linear time sequence [Vicente and Rico, 2006].
The main features of E. coli bacteria cell division have been exten-
sively reviewed [Errington et al., 2003, Margolin, 2009, de Boer, 2010,
Natale et al., 2013, Egan and Waldemar, 2013, den Blaauwen, 2013,
Cava et al., 2013]. To divide, the bacterium needs to:
• select the division site;
• form the cytoplasmic apparatus, the early assembly of the so
called proto-ring;
• form a periplasmic ring;
• constrict and close the septum.
Figure 3: E. coli bacterium cell division cartoon. Adapted from Adams and
Errington [2009]
Most bacteria divide at midcell, and they identify this site through
the coordinated activity of different cytoskeleton complexes partici-
pating in cell elongation and division.
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The division of E. coli bacterium initiates by the polymerization of
the tubulin homolog FtsZ in a ring-like structure and other essentialFtsZ: filamentous
temperature
sensitive protein Z
displaying GTPase
activity
proteins at midcell. FtsZ polymerizes in a GTP-dependent manner
organized in a head-to-tail association of the monomers, the Z-ring,
and it must be stabilized at midcell until cell division is almost com-
plete. This raises two questions: how does FtsZ finds the middle of
the cell, and how is it stabilized at the inner face of the cytoplasmic
membrane.
The polymerization of FtsZ must be inhibited at all places in the
cytosol until the cell is ready to divide. There are two negative regu-
lators of FtsZ assembly to ensure the septum is localized at the right
place (Figure 4): i) nucleoid occlusion and ii) the Min system.
Figure 4: FtsZ inhibitors, MinC and SlmA, ensure division ring assembles
at the center of the bacterium. Adapted from Young [2010].
Cell division is not finished until complete replication and segrega-
tion of the chromosomes is done. In E. coli bacterium SlmA proteins,
binding to specific DNA sequences, inhibit FtsZ assembly until the
appearance of a nucleoid-free zone by enhancing FtsZ GTPase ac-
tivity and promoting its disassembly. The second regulatory mech-
anism, the Min system, consisting of MinC/MinD/MinE proteins
restricts the formation of the Z-ring at the center of the cell. Abo-
lition of this system leads division at the poles with chromosome
free minicells. Association of MinC and MinD, a membrane bound
ATP-ase protein, negatively regulates Z-ring assembly. At the same
time, MinE inhibits MinCD complex by inducing its dissociation. The
complex fluctuates in a pole-to-pole manner generating a gradient of
protein [Loose et al., 2008]. When the bacterium reaches a certain
length, the maximum of FtsZ inhibitor is concentrated at both poles,
allowing FtsZ assembly at midcell. At least these two mechanisms
ensure the correct localization of the division machinery.ZipA: FtsZ
interacting protein
A, is a bitopic
protein of the
cytoplasmic
membrane with and
amino-terminal
helix integrated into
the membrane
FtsZ, the most critical component of the divisome, does not attach
directly to the bacterial inner membrane, instead it is stabilized by
using a carboxy-terminal tail interacting at least with one membrane
anchor protein. The proto-ring, formed by the interaction of FtsZ and
two membrane-associated proteins FtsA and ZipA, assembles in an
early stage on the cytoplasmic membrane followed by a late assem-
bly of a periplasmic ring. The early recruitment of FtsA and ZipA
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depends on the localization of FtsZ at midcell. At the same time, at-
tachment of FtsZ to the membrane occurs solely in the presence of
FtsA or ZipA. Other associated proteins (ZapA, ZapB, ZapC, ZapD FtsA: cytoplasmic
ATP binding protein
of the actin family
with a short
amphipathic
carboxy-terminal
helix important to
its association to the
membrane
and FtsEX), although not essential for cell division, assembly early
at the division site ensuring stabilization of Z-ring and stimulating
FtsZ polymer bundling before cell constriction. This way, proto-ring
formation might stimulate constriction through synthesis of peptido-
glycan [reviewed in Rico et al., 2013, and references therein].
Figure 5: Proteins involved in the division and elongation machinery in E.
coli. Adapted from Typas et al. [2012].
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At a late stage during division, a connection must be set between
the cytoplasmic division ring and the proteins that form the periplas-
mic ring (FtsK, FtsQ, FtsB and FtsL, FtsN) and peptidoglycan ma-
chinery (PBPs, penicillin-binding proteins). They assemble the Z ring
almost simultaneously and in an independent manner, being FtsN a
protein that interacts with both early and late cell division proteins.
Cytoskeleton proteins interact with membrane embedded proteins
which at the same time interact and control proteins that are on the
outer membrane that synthesize and remodel peptidoglycan (MreB
and lipoproteins LpoA and LpoB). MreB is an actin-like protein found
in non spherical shaped bacteria, and by directing uniformly the syn-
thesis of peptidoglycan along cell ensures their rod-like morphology
[Young, 2010, Popp and Robinson, 2010].
When the cell grows the synthesis of peptidoglycan is also regu-
lated by the LpoA and LpoB proteins. These proteins belong to the
outer membrane of the cell and they reach the periplasmic zone, be-
tween inner cell and peptidoglycan layer, by holes in the now stretched
peptidoglycan activating its synthesis to maintain peptidoglycan sur-
face density and thickness [Egan and Waldemar, 2013].
At septation site a remodeling of outer cell membrane and pepti-
doglycan must take place. The combined activities of peptidoglycan
synthesis (by means of hydrolases and amidases responsible for hy-
drolyzing and removing old peptidoglycan material) and the Tol-Pal
system (a complex of several cytoplasmic and periplasmic proteins
that colocalize at midcell) facilitate constriction of the outer mem-
brane and final division of the cell.
2
F T S Z C E L L D I V I S I O N P R O T E I N
The first step in bacteria cytokinesis is the localization and polymer-
ization of the protein FtsZ, a self activating GTPase homolog to tubu-
lin [Mukherjee and Lutkenhaus, 1994]. FtsZ assembles into a highly
dynamic ring-like structure, the Z-ring, close to the cytoplasmic mem-
brane at midcell and serves as scaffold for recruitment of other divi-
sion proteins. Conserved among several bacteria, FtsZ is also present
in some eukaryote organelles like chloroplasts and mitochondria [Os-
teryoung and Nunnari, 2003, TerBush et al., 2013].
2.1 ftsz structure
Figure 6: FtsZ (a) monomer bound to GTP and (b) polymerization. Adapted
from Adams and Errington [2009].
FtsZ is a ∼ 40kDa protein composed by two globular domains sep-
arated by a central helix H7. The amino-terminal has the nucleotide
binding site and the carboxy-terminal domain the catalytic loop T7
[Löwe and Amos, 1998, Oliva et al., 2004, Adams and Errington, 2009].
The unstructured C-terminal tail is the binding place for several other
divisome proteins, which is not visible in its crystal structure. In the
presence of GTP, FtsZ polymerizes by the association of subunits in a
head-to-tail fashion. The synergic tail, T7, inserts into the nucleotide
site of the following subunit placing the catalytic residue near the γ-
phosphate allowing then nucleotide hydrolysis. Hence, FtsZ GTPase
activity depends on polymerization. Likewise, FtsZ polymerization
strongly depends on GTP binding but not on hydrolysis, since GTP
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induces FtsZ-FtsZ interactions, giving as a result a polymer that is
mostly GTP-bound [Mingorance et al., 2001, Oliva et al., 2004].
2.2 polymers and aggregates
FtsZ strong GTPase activity is depending on the ionic strength, mag-
nesium and protein concentration. It has been shown in vitro that
potassium ions (K+) are needed for polymerization, one mol of K+
is taken up per mol of FtsZ added to the growing polymer [Tadros
et al., 2006]. K+ participates in the longitudinal interaction between
FtsZ monomers and activates GTPase activity at neutral pH [Mendi-
eta et al., 2009]. Moreover, even at low pH there is a direct relation be-
tween the concentration of K+and GTPase activity. In the absence K+,
divalent cation Mg2+ induces FtsZ oligomerization in the presence of
GDP but prevents it with GTP [Tadros et al., 2006]. Increasing Mg2+
concentration leads to a stabilization of the polymers by reducing
their GTPase activity. All in all, both K+ and Mg2+ are essential for
GTP-FtsZ polymerization at physiological neutral pH 7.5 [Mukherjee
and Lutkenhaus, 1999, Rivas et al., 2000, Mingorance et al., 2001].
Polymerization does not close the GTP binding site; there is an
open gap large enough to be accessible by the nucleotide. Then, the
binding site is at equilibrium where bound nucleotide is able to ex-
change with free nucleotide pool [Mingorance et al., 2001, Oliva et al.,
2004].
There is a protein critical concentration (∼ 1 µM) above which FtsZ
subunits supports polymerization [Mukherjee and Lutkenhaus, 1998,
Sossong et al., 1999, Mukherjee and Lutkenhaus, 1999]. These poly-
mers are very dynamic, and they depolymerize as GTP is exhausted
[Mateos-Gil et al., 2012b]. All these results suggest that GTP hydroly-
sis might be responsible for polymer dynamics.
Besides FtsZ dynamic behavior, polymerization in vitro displays a
rich polymorphism. From single straight protofilaments, rings, spi-
rals, sheets to bundles are observed under different assembly condi-
tions. Polycations like DEAE dextran induce FtsZ to assembly into
sheets of about 15 parallel and highly organized protofilaments, with
either GDP or GTP [Erickson et al., 1996, Lu et al., 1998]. On posi-
tively charged lipid monolayers, FtsZ assembled not only into sheets
but also long filaments and minirings (23− 25 nm diameter) [Erickson
et al., 1996]. It has also been shown that lateral interactions can be
enhanced by the divalent cation Ca2+ at high concentrations [Löwe
and Amos, 1999]. Also, in buffers promoting GTPase activity, long
single stranded and curved filaments were found [Chen et al., 2005,
Mingorance et al., 2005, González et al., 2005] and sometimes paired
[Lu et al., 1998, Romberg et al., 2001, Chen and Erickson, 2005].
In vitro, FtsZ polymers assemble mainly as single filaments, un-
der crowded conditions and below the critical concentration. Above
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the critical concentration of crowding agents filaments arrange into
rings of about 200 nm diameter [Popp et al., 2009]. While at higher
crowding agent concentration, the formation of suprastructures of
one subunit-thick ribbon (∼ 25 single protofilaments) [González et al.,
2003] and toroids [Popp et al., 2009] were also observed.
Beuria et al. [Beuria et al., 2006] studied bundling of FtsZ protofil-
aments under different pH and ionic strengths. They showed that
protofilament bundling decreased while increasing pH (from 6.0 to
7.9), and also that it could be inhibited by increasing the ionic strength.
These results suggest that basic intracellular pH could play as bundling
destabilizing agent, and that electrostatic interactions among protofil-
aments are important to regulate assembly of the Z-ring in vivo.
Surprisingly, during E. coli cell cycle and under different growth
conditions, FtsZ concentration remains constant [Rueda et al., 2003].
Therefore, division must be regulated by the divisome assembly at
the future division place in these bacteria.
As was previously stated, there are two major components of the E.
coli Z-ring besides FtsZ: FtsA and ZipA, both proteins are associated
with the inner membrane stabilizing the FtsZ ring close to it.
2.2.1 Structure of ZipA
Figure 7: Cartoon model of ZipA. PDB entry 1F7W.
ZipA is a transmembrane protein found in E. coli cytoplasmic mem-
brane as monomer or homodimer [Skoog and Daley, 2012]. It is an
essential protein in E. coli cell division that interacts directly with
FtsZ in vivo and in vitro [Hale and de Boer, 1997]. Their association is
needed for cell constriction, and a disruption of FtsZ-ZipA interaction
disrupts cell division [Hale and de Boer, 1999].
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Composed by a polypeptide of 328 amino acids, ZipA is a bitopic
protein, with a N-terminal spanning the cytoplasmic membrane once
and the rest of the protein is residing in the cytoplasm (Figure 7). The
protein, with a 36.4 kDa molecular weight, contains a hydrophobic
N-terminal domain (aa 1-25) inserted in the membrane as a single
anchor, followed immediately by a highly basic domain (aa 26-85)
with a net charge +8. Within the cytoplasmic part of ZipA, there
is a region (aa 86-188) rich in proline and glutamine residues (P/Q
domain) forming a linker between the membrane and the C-terminal
globular domain (aa 189-328) [Hale and de Boer, 1997].
2.2.2 Interaction of ZipA with FtsZ
Figure 8: ZipA globular domain and its interaction with FtsZ C-terminal
peptide. PDB entry 1F47 [Mosyak et al., 2000].
Interaction of ZipA and FtsZ is done through their C-terminus. A
small peptide of FtsZ located at its C-terminus and a significant larger
C-terminus domain of ZipA are both required for the specific interac-
tion between these two proteins [Hale et al., 2000]. An X-ray crystal
structure of the C-terminal FtsZ-binding domain of ZipA identified
a hydrophobic cleave to be the responsible for the complex forma-
tion between the two proteins [Mosyak et al., 2000, Kuchibhatla et al.,
2011].
Several experiments have been made in vitro to determine the affin-
ity for the FtsZ-ZipA complex formation. In solution studies [Martos
et al., 2010] have shown a moderate affinity (micromolar range) for
the binding of a ZipA soluble form, sZipA, to FtsZ (GDP) by means
of sedimentation equilibrium and of gradient-static light scattering
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techniques. Hernández-Rocamora et al. [Hernández-Rocamora et al.,
2012b] have measured a moderate affinity of the full-length ZipA in-
corporated into E. coli phospholipids nanodiscs (Nd-ZipA) for FtsZ-
GTP polymers, and they reported it to be similar as for FtsZ-GDP
oligomers.
Kuchibhatla et al. [Kuchibhatla et al., 2011] have shown that ZipA is
distributed uniformly along the length of FtsZ filaments and induces
the formation of large protein structures resulting in thick bundles
of FtsZ polymers. Surprisingly, full-length ZipA reconstituted into
nanodiscs [Hernández-Rocamora et al., 2012a] binds FtsZ polymers
without inducing filament bundling.
10 nm
20 nm
Figure 9: Schematic conformation of ZipA [López-Montero et al., 2013a].
While the flexible C-terminal peptide of FtsZ is the feature needed
for ZipA to bind to it, the unstructured P/Q domain of ZipA might
give a much longer flexible tether (Figure 9), mediating this way the
reorganization of the rest of FtsZ structure for a functional interaction
[Erickson, 2001, Ohashi et al., 2002, Mateos-Gil et al., 2012a, López-
Montero et al., 2013a]. Mateos-Gil et al. [Mateos-Gil et al., 2012a] have
shown that charged E. coli lipid membranes affect the kinetics and
shape of the formed FtsZ aggregates. Other in vitro experiments also
have shown that the presence of FtsZ induces softening and fluidiza-
tion of the membrane when ZipA is reconstituted into a membrane
(E. coli lipids) either into GUVs or Langmuir monolayers suggesting
a mechanical role for FtsZ polymers on the bacterial inner membrane
as force generators [López-Montero et al., 2012, 2013b]. All these re-
sults indicate that the presence of a lipid surface might be relevant
for the reorganization of the FtsZ filaments and their later bundling.
E. coli inner membrane is composed predominantly by phosphati-
dylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin (CA)
phospholipids. There is no phosphatidylcholine (PC), phosphatidyli-
nositol (PI) or sphingomyelin (SM). In vivo studies demonstrated that
the absence of PG phospholipid in the inner E. coli membrane pre-
vents cells from growing [Raetz and Dowhan, 1990]. PE is uniformly
distributed over the whole E. coli cell membrane while CA is polar
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and septal localized [Nishibori et al., 2005], and that the septal lo-
calization of CA rich domains depends on FtsZ, as observed also by
López-Montero et al. [López-Montero et al., 2012].
All the extensive work mentioned indicate ZipA does not only an-
chor FtsZ polymers to the cytoplasmic face of the membrane, but also
enhances stability to the Z-ring. The distribution of phospholipids in
bacterial cell membranes indicate a possible relevance of the lipid do-
mains to specific cellular processes as cell division [Matsumoto et al.,
2006].
3
E V I D E N C E O F T H E I M P O RTA N C E O F L AT E R A L
I N T E R A C T I O N S
Different approaches have been developed to understand the force
generating mechanism in E. coli through FtsZ: mutational studies and
theoretical models among others [Mingorance et al., 2010].
3.1 mutation as a mean of studying the z-ring
Figure 10: FtsZ protein faces as described by Lu et al. [Lu et al., 2001]. PDB
entry 1FSZ.
An interesting approach to identify regions of FtsZ protein rele-
vant for force generation has been site-directed mutations. Some
mutations affected cell viability, cell morphology and location of the
Z-ring in vivo; and some altered GTPase activity, protein (FtsZ mu-
tants) polymerization and bundling in vitro [Phoenix and Drapeau,
1988, Addinall et al., 1996, 1997, Yu and Margolin, 2000, Lu et al.,
2001, Koppelman et al., 2004, Addinall et al., 2005, Chen and Erick-
son, 2011].
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Lu et al. [Lu et al., 2001] mutated FtsZ mapping all faces (front,
back, lateral, and GTP region) of the protein (Figure 10). Their re-
sults showed that a high FtsZ GTPase activity is not essential for in
vivo function of the Z-ring. Mutations on the front and back side
of FtsZ are all benign and surprisingly, all lateral mutation failed to
complement the bacteria.
3.1.1 Lateral mutants
Lateral association between FtsZ protofilaments seems to be impor-
tant for cell division. Changes within a lateral motif of FtsZ of other
bacteria like Bacillus subtillis (i. e. H9 and H10 helix) also cause to
inhibit bundling jeopardizing this way cell division [Monahan et al.,
2009].
Jaiswal et al. mutated the 93 amino acid changing its charge and re-
placing it with an arginine aa (positive to negative charge) giving as a
result an enhanced bundling and stability of the FtsZ protofilaments
[Jaiswal et al., 2010]. Arginine amino acid appears to be an abundant
residue at protein-protein interfaces, giving therefore a combined sta-
bilizing effect to this particular FtsZ mutant. FtsZE93R suppressed
Z-ring dynamism inhibiting cell division, suggesting assembly (and
disassembly) dynamics is tightly regulated within the cell.
Figure 11: FtsZ structure model displaying the location of the lateral
residues E83 and R85. Adapted from Shin et al. [2013].
Two interesting mutations located at the lateral side of FtsZ have
also been studied [Shin et al., 2013]. Mutations on two highly con-
served amino acids, glutamic acid on aa 83 and arginine on aa 85,
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shown to be relevant for Z-ring formation (Figure 11). Both single-site
mutations were made by a change in the charge of the corresponding
residue by a neutral amino acid. Interestingly, both mutants changed
cell viability and localization of the Z-ring in vivo, being the FtsZR85Q
the most damaging one. From their experiments in vitro it can be
seen how important these two mutations on FtsZ are: they affected
the GTP-ase activity and impaired the lateral association of the fila-
ments. Surprisingly, FtsZR85Q could not bundle even in the presence
of ZipA or Ca2+ in vitro.
3.2 modeling ftsz polymers
From available polymerization data in vitro some mechanisms have
been proposed based on theoretical calculations for the Z-ring for-
mation and how it can generate the force needed for constriction in
bacteria [Lu et al., 2000, Osawa et al., 2008, 2009, Osawa and Erickson,
2011, Mateos-Gil et al., 2012a]. GTP hydrolysis promotes its disas-
sembly being this the driving motor for the highly dynamic nature
of FtsZ polymers observed in vivo and in vitro. Some models are
based on curvature induced by GTP binding and hydrolysis [Díaz
et al., 2001, Allard and Cytrynbaum, 2009, Turner et al., 2012, Hsin
et al., 2012, Cytrynbaum et al., 2012, Li et al., 2013]. In these mod-
els a change in curvature of the FtsZ polymer is the responsible for
constrictive force generation (Figure 12).
Figure 12: GTP hydrolysis responsible for the change in FtsZ polymer cur-
vature. Adapted from Li et al. [2013].
Mathematical models have been proposed for the dynamic behav-
ior of FtsZ polymers, where the force can be generated independently
of nucleotide hydrolysis. These models are based on condensation of
the FtsZ filaments (Figure 13). They address the formation of the
Z-ring on cylindrical surfaces, the formation of FtsZ polymer struc-
tures that involve cross-liking and bundling, annealing of broken
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polymers, and condensation by means of lateral interactions [Hörger
et al., 2008b, Lan et al., 2008, Hörger et al., 2008a, Páez et al., 2009b,
Lan et al., 2009, Páez et al., 2009a].
Figure 13: Snapshots of FtsZ polymers Monte Carlo simulations on a cylin-
drical surface. (a-b) Simulation parameters taken from AFM im-
ages extrapolated on a cylinder. f) Simulation obtained by de-
creasing the bonding surface energy and addition of a central de-
formation on the cylinder inducing constriction. Adapted from
Páez et al. [2009a].
Figure 14: Torsion model. (a) Structural model for FtsZ polymer in solution,
where red and green residues correspond to C-ter and N-ter ends
respectively. (b) Orientation of FtsZ filaments on surfaces, where
red and blue dots indicate the position of the C-ter and N-ter
ends respectively. Adapted from González de Prado Salas et al.
[2014].
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González de Prado Salas et al. [González de Prado Salas et al.,
2014] have lately proposed a theoretical model in which an FtsZ poly-
mer shows a curvature and a twist (Figure 14), and that the presence
of the torsion can explain the shape distribution observed by atomic
force microscopy (AFM). This model stresses that FtsZ polymers can
modulate the force applied to the cell membrane with a combination
of filament curvature, torsion, and strength and orientation of its at-
tachment to the surface.
It is worth noting that filament condensation model is not mutu-
ally exclusive with the curvature based ones, because in condensa-
tion models the GTPase activity is needed for polymer remodeling
and FtsZ subunit turnover. Therefore, both lateral interactions and
curvature of the FtsZ filaments are proposed to be responsible of gen-
erating in part the constriction force in the bacterium.
Figure 15: Schematic arrangement of protofilaments for the different pro-
posed models inside the Z-ring. Adapted from Fu et al. [2010].
Filaments arrangement within the Z-ring is still under controversy
(Figure 15). There are two models proposed: scattered and ribbon
[Erickson et al., 2010, Mingorance et al., 2010]. Scattered model pro-
poses an arrangement of short FtsZ filaments spanning the width of
the Z-ring scattered randomly in longitudinal and radial directions,
and they are stabilized by the other proteins present in the Z-ring
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(ZipA, FtsA and Zap’s proteins) and by points where lateral interac-
tions take place [Si et al., 2013].
In the ribbon model filaments are ordered one next to each other,
and they might or might not connect head-to-tail to form longer fila-
ments. In this model, lateral interactions are the main component to
stabilize a large bundle of filaments that surround the bacteria [Lan
et al., 2009, Mingorance et al., 2010].
Fu et al. [Fu et al., 2010] propose yet another model, the random
model, where protofilaments arrange randomly in a narrow band.
The protofilaments in this model are separated by large spaces with-
out the need of any lateral interactions.
It is still not clear how protofilaments are organized within the
Z-ring. Single molecule approaches with enhanced resolution like
Photoactivated Localization Microscopy (PALM) or 3D Structured Il-
lumination Microscopy (3D-SIM) are not able to elucidate how these
FtsZ filaments are arranged in vivo [Si et al., 2013, Piro et al., 2013,
Buss et al., 2013]. Further advances in microscopy imaging in vivo
along with reconstitution in vitro might help to resolve this dilemma.
4
O B J E T I V E S
Substantial progress has been made in understanding the function
and structure of the Z-ring in vivo and in vitro during the last decade,
but some information is still lacking. Arrangement of the FtsZ poly-
mers within the Z-ring and the molecular basis of the force generation
is still under controversy. Both filament curvature and lateral interac-
tions, known to be required for cell division, have been proposed as
relevant for constriction.
In this thesis we will explore the behavior of two non functional
FtsZ lateral mutants described by Shin et al. [Shin et al., 2013]. Our
purpose is to compare the mutants behavior in vitro on surfaces with
that of the native protein.
We will describe how these lateral mutations affect:
• filament curvature and distribution on mica surface.
• FtsZ interaction with ZipA anchored to a surface.
• filament bundling on mica and on lipid bilayer surfaces of dif-
ferent compositions, when anchored through ZipA.
To provide a biophysical characterization of these two FtsZ lateral mu-
tants we will use two surfaces techniques: Atomic force microscopy
(AFM) and Quartz crystal microbalance (QCM). With AFM we will
address FtsZ polymer shape and dynamism, and with QCM we will
quantify their interaction with ZipA.
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Part II
M AT E R I A L S A N D M E T H O D S
A description of all materials used for the completion of
this thesis are detailed below, as well as an introduction
to the methodologies employed. I include also a step by
step for sample preparation under each methodology de-
scribed.

5
M AT E R I A L S
5.1 reagents
All reagents needed to prepare solutions such as Tris−HCl (Trizma®
hydrochloride), NaCl, CaCl2, KCl, MgCl2, KOH and NaOH were
acquired at Sigma-Aldrich, as well as guanosine 5′-triphosphate (GTP)
sodium salt. The GTP nucleotide analog GpCpp, guanosine 5′-[(α, β)-
methyleno]triphosphate (GMPCPP) sodium salt, was purchased at Jena
Bioscience. All solutions to regulate pH and all buffer solutions were
prepared with distilled and deionized water Milli-Q (Millipore®) and
were filtered through a 0.2 µm cellulose membrane filter immediately
before use.
5.2 protein purification
E. coli FtsZ wild type (FtsZwt) was purified following the calcium-
induced precipitation method as described by Rivas et al. [Rivas et al.,
2000]. We will use a soluble ZipA protein (sZipA) constructed by
eliminating its hydrophobic N-terminal domain completely (aa 1-25)
and replacing those amino acids by a six histidines tail (6 His-tag)
as described by Martos et al. [Martos et al., 2010]. Both FtsZwt and
sZipA were purified by Estefanía Salvarelli at Jesús Mingorance labo-
ratory (Hospital Universitario La Paz, Madrid, Spain).
Figure 16: Domain structures os (a) ZipA and (b) sZipA . Adapted from
Hale and de Boer [1997].
E. coli FtsZ mutants FtsZE83Q and FtsZR85Q were purified at Oc-
tavio Monasterio laboratory (Universidad de Chile, Santiago, Chile)
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following a ammonium sulfate precipitation method as described by
Shin et al. [Shin et al., 2013].
5.3 lipids
The phospholipids used through this thesis are:
• L-α-Phophatidylcholine, Egg chicken extract (EPC),
• 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
• 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)- iminodi-
acetic acid)succinyl] (DOGS-NTA) nickel salt,
• E. coli polar lipid extract (EcPl): PE, PG and CA.
Figure 17: Phospholipids cartoon structures. Adapted from
http://avantilipids.com/
All lipids were purchased at Avanti Polar Lipids Inc. in powder
form. They were solubilized in a mixture of chloroform:methanol
(1:1, v/v) and stored at -20°C.
The lipophilic tracer DiI (C18) was purchased at InvitrogenTM, this
fluorescent tracer was used to label the phospholipid bilayer mem-
branes to measure lipid diffusion by Fluorescence recovery after pho-
tobleaching (FRAP).
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5.4 substrates
High quality Ruby muscovite mica (V1) needed for atomic force mi-
croscopy experiments was purchased at Aname. Ruby muscovite
mica can be cleaved into thin films exposing a uniform mica surface
upon splitting.
Substrates for Quartz Crystal Microbalance experiments were pur-
chased at Q-sense with a fundamental resonance frequency of 5 MHz.
We used high quality sensors of 14 mm diameter coated with either
a uniform 50 nm layer of Silicon dioxide (SiO2) or a 100 nm layer of
Gold (Au).

6
M E T H O D S
6.1 supported lipid bilayer
A Supported Lipid Bilayer (SLB) is one of the components that forms
the reconstituted system studied in this thesis. Here I describe how
an SLB is obtained from a liposome solution.
6.1.1 Liposome preparation
Amphipathic lipids or phospholipids are one class of lipids that are
more abundant in cell membranes [Rawn, 1983]. Phospholipid struc-
ture consists of a hydrophilic, water soluble head and hydrophobic
hydrocarbon tails of variable length. It is most common to find hy-
drocarbon chains with an even number of carbon atoms, from 4 to
26 and they can be saturated or unsaturated. The degree of unsatu-
rations, number of double bonds, present on the hydrocarbon chains
affects the properties of membranes such as fluidity. The head po-
lar groups can be phosphatidylcholine (PC), phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and phos-
phatidylinositol (PI).
Figure 18: Schematic self-assembled lipid aggregates. (a) Monolayer. (b)
Bilayer. (c) Multilamelar vesicle.
Due to the amphiphilic nature of phospholipids they spontaneously
form aggregates by self-assembly (Figure 18). This process requires
that many lipid molecules act together. In these lipid aggregates
the polar heads are hydrated, and therefore exposed to the aqueous
solvent while their hydrophobic carbonated chains are tugged away
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from it. The simplest aggregate is a lipid monolayer; and two mono-
layers constitute a so called lipid bilayer with the hydrophobic chains
pointing toward the center of the sheet. The hydrophobic effect pro-
vides the driving force for the formation of lipid bilayers. Because
open ends in aqueous solutions are not energetically stable, lipid bi-
layers have to arrange themselves into two molecules thick closed
structures called vesicles or liposomes. If dehydrated phospholipids
are exposed to an aqueous solution they will spontanoeusly form
multilamelar vesicles (MLVs), with several bilayers arranged concentri-
cally separated by the aqueous solution [Hoff et al., 1995, Mouritsen,
2004].
Different methods like sonication or extrusion through a porous
membrane are able to break those initial vesicles into single layer li-
posomes [Huang, 1969, Jr. et al., 1980, Woodle and Papahadjopoulos,
1989]. Unilamelar liposomes are the simplest vesicles, and they are
extensively used as model for a cell membrane or drug delivery car-
riers to target cells. Depending on the diameter they can be classified
as small unilamelar vesicles (SUVs) (20 − 100 nm), large unilamelar
vesicles (LUVs) (0.1− 1 µm), or giant unilamelar vesicles (GUVs) (sev-
eral tens of micrometers). Large unilamelar vesicles were used in this
thesis.
Figure 19: Avanti mini extruder diagram.
We chose the extrusion method to prepare LUVs, which can be
summarized as follows: (i) a lipid mixture is put into a round bot-
tomed flask and gently dried under a Nitrogen stream by 30 min until
a thin layer of lipids forms in the bottom. (ii) Then a certain volume
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of buffer solution (buffer A: Tris−HCl 10 mM, pH 7.5, NaCl 200 mM)
is added to obtain the desired concentration of liposomes, usually
250 µL to have liposomes at 4 mg/mL final concentration. (iii) The re-
suspended liposomes, now MLVs, are gently vortexed by 30 min until
having an homogeneous mixture. (iv) Finally, the liposomes are run
though an extruder (Avanti Mini extruder, Figure 19) with a know
diameter porous membrane 31 times to form LUVs. Once formed,
LUVs are immediately stored in airtight containers at 4°C up to a
week.
6.1.2 SLB formation
Supported lipid bilayers form as for the adsorption of LUVs on a
solid support [Helm et al., 1989, Sackmann, 1996, Richter et al., 2006].
Figure 20: Schematic liposomes adsorption and SLB formation on a planar
substrate.
Figure 20 shows a schematic SLB formation on a planar substrate.
Substrates have to be clean and hydrophilic previous to the liposome
incubation. Liposomes reach the surface and spontaneously spread,
leaving a single bilayer where a few hydration molecules are in be-
tween the substrate and the bottom of the bilayer, and its upper face
is exposed to the solution.
In the experiments done during the completion of this thesis we
prepared supported lipid bilayers with a mixture of lipids. The com-
position was chosen given the net charge of the polar head of the
phospholipids [Richter et al., 2006].
EPC and DOPC have a neutral (zwitterionic) polar head group and
bilayers with either lipid composition made for a none charged bi-
layer. Both neutral phospholipids were used indistinguishably: their
difference relies in the synthetic nature of DOPC in which all its hy-
drocarbonated tails are the same length (18 carbon atoms).
The EcPl is a natural extract of all polar lipids present in the inner
membrane of the E. coli bacterium containing a 67% PE, 23.2% PG
and 9.8% CA. Bilayers formed with this mixture have a negative net
charge under the range of pH used in this work.
Neutral PC and E. coli polar lipid bilayers contain a molar per-
centage of DOGS-NTA (10% and 20% respectively). This particular
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phospholipid has a nickel-chelating head group which is used to im-
mobilize proteins containing a short sequence of histidine residues
(a His-tag). In this thesis DOGS-NTA was used to correctly orient
sZipA to the bilayer and the amount of this lipid was chosen to en-
sure a monolayer of protein bound to the bilayer.
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6.2 atomic force microscopy
Atomic force microscopy (AFM) belongs to a larger group of proximal
probe microscopy techniques known as Scanning probe microscopy
(SPM). These techniques opened new possibilities to research surfaces
because of their higher scanning resolution than electronic and opti-
cal microscopy. The Scanning tunneling Microscope (STM), the AFM
predecessor, was developed by Gerd Binning and Heinrich Rohrer
in the early 1980s, which allowed imaging of conducting and semi-
conducting materials. With the development of the STM it became
possible to image single atoms on a flat surface by bringing a con-
ductor (or semiconductor) tip near a conducting (or semiconducting)
surface where electrons are able to tunnel from the tip to the sur-
face or vice-versa. The great impact of this technique, able to resolve
surface structures in a three dimensional space with a spacial reso-
lution below the Angstrom, owed Binning and Roher a Nobel Prize
in 1986. AFM was developed by G. Binning, C. F. Quate and C. Ger-
ber in 1986 extending the STM technique [Binnig et al., 1986], when
arose the need to study the structure of conducting surfaces and non-
conductive materials. AFM registers the interaction force between a
tip and a surface instead of electron current as in STM (Figure 21a).
Figure 21: Atomic Force Microscopy. (a) Probe-sample interaction. (b)
Raster scan. (c) Schematic AFM general components.
In the AFM a very sharp tip (the probe) at the free end of a can-
tilever spring with a radius of a few nanometers, is used to raster
scan a surface (the sample) [Butt et al., 2005] (Figure 21b). The raster
scanning is made by the expansion and contraction of a piezoceramic
tube controlled by a computer system with subnanometer accuracy.
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An optical system is used to monitor the deflection of the cantilever,
and a topographic image of the sample is obtained plotting this de-
flection versus the position on the sample, sometimes with atomic
resolution. To record the height of the sample a feedback loop main-
tains a constant deflection between the tip and the sample, by calcu-
lating the voltage needed for the piezoelectric to expand or contract
accordingly (Figure 21c).
Figure 22: Lennard Jones potential.
The interaction between the probe and the sample can be described
by a Lennard-Jones potential (Figure 22), which describes the interac-
tion between two neutral atoms or molecules separated by a distance
r:
VLJ(r) = 4e
[(σ
r
)12 − (σ
r
)6]
(1)
where e is the depth of the potential well and σ is the distance
at which the potential is zero. This potential is the contribution of
two terms: i) a short-range repulsive term due to the overlapping of
electron orbitals
(
∝ r−12
)
, and ii) a long-range attractive term due to
the Van der Waals force
(
∝ r−6
)
.
Van der Waals force, in which the operation of the AFM is based on,
includes the interaction between atoms, molecules, surfaces and other
intermolecular forces except for covalent and ionic bonding. Another
force, the capillary force, contributes also to the probe-sample interac-
tion while using the AFM in air. This force arises from the thin layer
of liquid which forms a meniscus between the surfaces of the probe
and the sample.
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The interaction force between the probe and the sample is given by
the derivative of the potential, V(r), with respect to the separation
distance r:
F(r) = −∂V(r)
∂r
(2)
Figure 23 represents a typical cantilever deflection vs. piezo height
curve in a complete cycle of approaching and retracting of the probe
from the sample. On the right side the piezo is completely retracted
and there is no contact between the tip and the sample. There is a
distance where the tip contacts the sample and a deflection in the
cantilever is registered. Once the completion of the given extension
of the piezo, the probe is retracted and the deflection of the cantilever
decreases. At the distance where the tip entered into contact with
the surface, the probe is still attached to the sample due to adhesion
forces, and this is registered as a negative deflection of the cantilever.
Finally, the tip snaps off the surface and the deflection of the can-
tilever is zero while it retracts to the initial position of the piezo.
Figure 23: Schematic cantilever deflection vs. piezo height curve (Zc vs. Zp)
in a complete cycle. Adapted from Butt et al. [2005].
The cantilever is the key element in the functioning of the AFM
and their mechanical properties are responsible for its proper perfor-
mance. The mechanical properties of the cantilevers are those of a
elastic spring described by the Hook´s law, where the force needed to
extend the spring a distance x can be written as
F(x) = −k · x (3)
where k is the spring constant. The sensibility of the measurement
is defined by the spring constant k and the resonance frequency ν,
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which both can be calculated from the properties of the material and
the dimensions of the cantilever. For a rectangular geometry of the
cantilever, the spring constant is
k =
Eνt3
4L3
(4)
where E is the Young´s modulus, t is the thickness and L is the
length of the cantilever. A good cantilever is the one with high sen-
sibility (a low ratio t/L) able to have a large deflection at small force,
this can be achieved by making cantilevers long and thin. Commer-
cial cantilevers are usually made of silicon or silicon nitride and they
can be manufactured to have large sensibility and small dimensions
(Figure 24a).
Figure 24: Gold deposited silicon nitride cantilevers. (a) Cantilever arrange-
ment and dimensions. (b) Scanning electron microscopy im-
age of a pyramidal tip. Adapted from http://probe.olympus-
global.com/
The cantilever tip can be fabricated with a pyramidal or conic ge-
ometry made of silicon or silicon nitride with a typical 15− 30 nm
radius (Figure 24b). These tips can also be functionalized by different
coatings or chemically modified, or prepared by special procedures
for particular uses.
The top face of the cantilever is often coated with a layer of gold to
increase reflection of the laser beam. The deflection of the cantilever is
measured using an optical technique, in which a laser beam focused
onto the end of the cantilever, on its golden coated face, reflects and is
monitored by a photodiode detector (Figure 25). When the cantilever
is bent the reflected laser beam moves accordingly, this change in
the spot position onto the detector is recorded to calculate the force
between the tip and the sample. The spot size and shape of the laser
beam onto the photo-detector influences also the sensibility of the
measurement.
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Figure 25: Schematic AFM photo-detection mechanism.
There are three operation modes for the AFM: i) contact mode, ii)
dynamic mode and iii) intermittent contact mode.
The contact mode is the simplest operation mode where the normal
force registered is kept constant. A feedback control is used to ac-
count for any topographical changes of the scanned sample to have
a constant deflection of the cantilever. The vertical position of the
sample is then adjusted by the expansion or contraction of the piezo-
electric tube. Lateral forces are present while scanning in this mode
and are registered as a lateral torsion of the cantilever. These lateral
forces can be much larger than the normal forces applied to the sam-
ple and therefore are much destructive when scanning soft samples
such as biological.
The dynamic mode operates in the non-contact region of the inter-
action potential. A second piezoelectric piece is needed to put the
cantilever under resonance to keep a resonance amplitude constant
or a resonance frequency constant. Any change in topography gener-
ates a change in the resonance amplitude or frequency.
The intermittent contact or jumping mode is characterized by a cy-
cle of approximation and retraction of the piezoelectric tube in each
pixel forming the raster scan. The sample is approached to the tip a
given jump distance, jump off, while the deflection of the cantilever
is registered. The vertical position of the sample is adjusted until
the deflection reaches a given value determined by the user, setpoint,
respect to the initial value when the tip is retracted from the sample.
This position of the piezo is registered as the height at the correspond-
ing pixel and a topographic image can be constructed from it. Then
the piezo retracts and moves to the next scanning point. This oper-
ating mode is the preferred with soft samples since it minimizes the
lateral forces and the interaction time between tip and sample, where
both effects can contribute to sample damaging [de Pablo et al., 1998,
Moreno-Herrero et al., 2004].
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6.2.1 AFM imaging in liquid
AFM allows scanning samples in air, vacuum, different gases, or liq-
uids, becoming an important technique to study biological systems
under physiological conditions. It is also an important technique to
follow dynamic biological processes taking place in real time, and
conformational changes of proteins and their interactions with other
proteins [Engel and Muller, 2000, Müller et al., 2002, Müller and En-
gel, 2002, Kodera et al., 2003, González et al., 2005, Mateos-Gil et al.,
2012a,b].
The interaction forces between tip and sample are different than for
air measurements, and can be explained by the DLVO theory (named
after Derjaguin, Landau, Verwey and Overbeek) [Israelachvili, 2011].
In this theory the interaction of two particles is assumed to be the
contribution of two terms: the Van der Waals attraction and the elec-
trostatic double-layer repulsion. The main contribution is the electro-
static Debye double-layer force, due to the counterion layer surround-
ing the surface of tip and sample. This electrostatic force can be mod-
ulated optimizing the salt concentration and pH of the aqueous solu-
tion. There are other interactions between tip and sample important
in liquid, such as solvation, hydration repulsion, hydrophobic attrac-
tion, steric, or even adhesion forces due to the formation of chemical
bonds.
The AFM in biology is used to provide a topographic image of
a surface and also to study the force between probe and sample at
different separations between them. This application is know as force
spectroscopy, which have been giving new insights in the study of
interactions within and between molecules, as well as ligand-receptor
interactions [Carrión-Vázquez et al., 1999, Rief et al., 1997, Clausen-
Schaumann et al., 2000, Hinterdorfer and Dufrene, 2006, Valbuena
et al., 2012].
In this thesis a commercial AFM from Nanotec Electrónica (Madrid,
Spain) was used provided with a laser of 632 nm wave length (red
laser beam); commercial rectangular cantilevers RC800PSA from Olym-
pus with 800 nm thickness and spring constants 0.05− 0.76 N/m; and
the jumping operating mode was the preferred. Images were taken
applying a force < 100 pN.
To study biological samples under physiological conditions a spe-
cial chamber is needed where the probe and the sample are both im-
mersed in liquid. The chip containing the cantilever is firmly attached
to the upper part of the chamber which is enclosed by a transparent
sapphire window. The sample located on the bottom completes the
liquid chamber in an open configuration (Figure 26a).
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Figure 26: AFM imaging in liquid. (a) Liquid chamber. (b) Sample holder.
The most convenient geometry for an AFM sample holder is a pla-
nar surface. The planar sample holder for our specific AFM is made
by a stack of three layers (Figure 26b). From top to bottom: a 1/8
inch diameter disk of mica where the sample will be adsorbed, a 1/2
inch diameter disk of Teflon, and a 1/2 inch disk cut from a nickel
sheet to ensure a firm attachment to the magnet present on the piezo-
electric tube. The AFM used on this thesis has the piezoelectric tube
under the sample, hence the Teflon surface is needed to provide an
hydrophobic surface able to contain the liquid drop within the mica
surface, avoiding this way any spills on the piezoelectric piece.
6.2.2 Sample preparation
Adsorption of the proteins on mica.
The sample preparation for the adsorption and polymerization of
FtsZ on mica is summarized as follows (represented in Figure 27):
1. Protein equilibration. FtsZ protein was diluted in buffer solu-
tion (buffer BPZ: Tris − HCl 50 mM, pH 7.5, KCl 500 mM and
MgCl2 5 mM) to 12.5 µM final concentration and equilibrated
at room temperature by 10 minutes.
2. FtsZ adsorption. A 40 µL volume of FtsZ solution was incu-
bated on freshly cleaved mica for 1 minute in the presence of
1 mM GTP. After incubation time, the protein was extensively
rinsed with buffer BPZ with 1 mM GTP previous to imaging.
The sample preparation for FtsZ-sZipA interaction on mica is sum-
marized as follows (Figure 28):
1. Protein equilibration. FtsZ and sZipA proteins were diluted
together in BPZ to 3 µM and 12.5 µM final concentration re-
spectively, and were equilibrated at room temperature by 10
minutes.
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2. Proteins adsorption. A 40 µL volume of FtsZ-sZipA solution
was incubated on freshly cleaved mica for 1 minute in the pres-
ence of 1 mM GTP. After incubation time, the proteins were ex-
tensively rinsed with buffer BPZ with 1 mM GTP previous to
imaging.
Figure 27: Schematic FtsZ adsorption and polymerization on mica.
Figure 28: Schematic FtsZ-sZipA adsorption and polymerization on mica.
Adsorption of the proteins on a lipid bilayer.
The sample preparation is summarized in the following steps, and
schematically represented in Figure 29:
1. SLB formation. A 40µL liposomes volume in buffer A at 0.1 mg/mL
was incubated on freshly cleaved mica for 1 hour at room tem-
perature. If EcPl lipids were used, a 2 mM CaCl2 was added
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to the buffer. Freshly cleaved mica exposes a negative surface
charge density, for this reason negatively charged liposomes
need a divalent cation to bridge the negative charges to form
a SLB. The sample was extensively washed with buffer previ-
ously to imaging.
2. Recharge of the chelating lipid DOGS-NTA. When the SLB was
completely characterized we proceeded to recharge the chelat-
ing lipid DOGS-NTA with the addition of 5 mM MgCl2 to buffer
A for 10 min prior to the adsorption of sZipA. This additional
step will guarantee all nickel chelating lipid head groups are
active to bind a His-tagged protein.
3. sZipA and FtsZ adsorption. sZipA and FtsZ were diluted at
2.5 µM and 12.5 µM final concentration respectively in buffer
BPZ, and incubated 1 hour at room temperature. After the incu-
bation time, the proteins were washed extensively with buffer
previous to imaging.
4. Nucleotide addition. The final step was the addition of the nu-
cleotide, 1 mM GTP was added to the sample and was kept until
the completion of the experiment.
Figure 29: Schematic FtsZ-sZipA adsorption on a supported lipid bilayer on
mica.
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6.3 quartz crystal microbalance
A biosensor is a devise that provides quantitative information using
a biological recognition element (e.g. bioreceptors, antibodies, DNA,
proteins, enzymes or cells) in direct contact with a transduction el-
ement that converts the binding elements into measurable electri-
cal signals [Cooper and Singleton, 2007, Becker and Cooper, 2011].
Acoustic biosensors, based on the propagation of an acoustic wave,
have been developed for label-free detection of molecular interactions,
molecular recognition and their associated phenomena. They provide
a unique method to observe in situ and monitor in real time soft mat-
ter processes (mass, viscoelasticity, density, etc) since the parameters
that describe a propagating wave are dependent on the properties
of the propagating material [Thompson and Hayward, 1997, Janshoff
et al., 2000].
Figure 30: Quartz Crystal Microbalance. (a) Operating principle. (b) Quartz
crystal AT-cut. (c) Substrate: top, bottom and surface coatings
(SiO2, Au).
Thickness shear mode (TSM) or Quartz crystal microbalance (QCM)
is an acoustic wave resonator in which the piezoelectric properties
of quartz are employed (Figure 30). The advantage of a piezoelec-
tric transducer is that it can promote the propagation of a transverse
acoustic wave across the bulk of certain crystalline materials, such as
quartz, by coupling its mechanical and electrical responses (Figure
30a).
The piezoelectric piece in QCM is an AT-cut thin quartz disk (Fig-
ure 30b), cut from a quartz mineral at 35.25° orientation with respect
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to its optical axis, sandwiched between two gold electrodes (Figure
30c). An applied electric field will generate a shear, tangential defor-
mation of the crystal, this deformation moves both surfaces in oppo-
site directions.
A standing wave occurs during a phenomenon known as resonance
due to the interference of two waves of equal amplitude, frequency
and wavelength traveling in opposite directions. The stationary wave
propagates in the perpendicular plane to the surfaces, transversal
wave, with wavelengths that are multiple factors of double the thick-
ness of the crystal. By solving the wave equation, the resonance fre-
quency can be expressed as:
fn =
n× υ
2dQ
(5)
where n is the order of the overtone (n = 1, 3, 5 . . .) and υ is the
acoustic wave velocity; the resonance frequency of an AT-cut quartz
crystal will increases with decreasing the crystal thickness dQ. The
acoustic standing wave velocity is dependent on the crystal structure
parameters
υ =
√
E
ρ
(6)
where ρ is the density and E is the Young modulus.
The acoustic transducer became interesting to physicists and chemists
when Sauerbrey [Sauerbrey, 1959] showed there is a linear relation-
ship between the mass adsorbed to the surface and the resonant fre-
quency. The Sauerbrey expression is derived assuming the film layer
deposited at the surface of the crystal follows its vibration, this way
the crystal behaves as if it were thicker which leads to a decrease of
its resonance frequency:
∆dQ = −n υ2 f 2n
∆ fn (7)
since fn = n f0 (where f0 is the fundamental frequency of the res-
onator) and dQ = m/ρ. Replacing this in Equation (7):
∆ fn = −2n f
2
0
Aυρ
× ∆m (8)
which can be rewritten as:
∆m
A
= − υρ
2 f 20
× ∆ fn
n
= −C∆ fn
n
(9)
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Equation (9), known as Sauerbrey equation, relates the change in
mass ∆m per unit area of an ideal thin layer attached to the resonant
surface with the decrease in resonance frequency ∆ f . The sensitiv-
ity constant C depends on the fundamental frequency ( f0) and the
properties of the quartz crystal (υ and ρ):
C =
υρ
2 f 20
(10)
taking that the quartz density is ρ = 2650 Kg/m3, the acoustic ve-
locity in the quartz is υ = 3340 m/s and the fundamental frequency is
f0 = 5 MHz (for the crystal used in this thesis), all yields a value for
the sensitivity constant of C = 18.1 ng/Hz · cm2. Is important to note
that this model is valid only when there is a thin (less than 10% of
the crystal mass), rigid (no energy dissipation) and uniform (evenly
distributed) deposited layer.
Figure 31: QCM operating in liquid. (a) Acoustic wave propagates into the
liquid phase. (b) Decay (penetration) length of the propagating
wave. Adapted from Ferreira et al. [2009].
When the resonator operates in liquid the viscoelastic properties
of the adsorbed layer is significantly different as those of the sensor.
The presence of a semi-finite liquid layer needs to be accounted for
because there is an energy loss to the fluid through a viscous coupling.
The velocity profile of the fluid subject to a shear deformation is of a
laminar flow parallel to the surface described by the Navier-Strokes
one-dimensional equation (Figure 31a). The effect of this coupling
to the resonance frequency was modeled by Kanazawa and Gordon
[Kanazawa and Gordon, 1985] assuming that the fluid in the vicinity
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of the surface moves at the same velocity as the surface. They found
a relationship between the product of the density and viscosity of the
fluid to the frequency shift of the shear resonating wave:
∆ fn = − f
3/2
0
√
n
pi1/2ρυ
√
ρLηL (11)
where ρL and ηL are the density and viscosity of the fluid respec-
tively. This solution predicts a damping in the shear wave with a
characteristic length δ dependent on the resonance frequency
δn =
√
2ηL
ωnρL
(12)
where ωn = 2pi fn is the angular frequency, hence Equation (12) can
be expressed as
δn =
1√
n
√
ηL
pi f0ρL
(13)
that is, the penetration length of the acoustic wave propagates a
larger distance in fluids with higher (ηL/ρL) ratios. Because of the
decay length dependency on the frequency
δn ∝
1√
n
(14)
recording the overtones will give information about the different
layers at different distances from the sensor. For the different over-
tones, the penetration length is: ∼ 252 nm, ∼ 146 nm, ∼ 113 nm,
∼ 95 nm, ∼ 84 nm and ∼ 76 nm for N = 1, 3, 5, 7, 9 and 11 respec-
tively (Figure 31b). On this thesis we measured the loading of the
sensor at the 7th overtone.
When operating the QCM in liquid, the change in frequency will be
due to the loading mass deposited at the surface of the resonator and
to the presence of the semi-fine liquid. Therefore making it difficult
to distinguish which one is making the contribution to the resonance
frequency.
Martin et. al [Martin et al., 1991] have derived a model in which
both contributions are taken into account by adding Equation (9) and
(11), Sauerbrey and Kanazawa models:
∆ f = ∆ fm + ∆ fL (15)
Equation (15) also shows that the overall change in resonance fre-
quency is sensible to changes in the viscosity of aqueous solution
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and the loaded sample as well as variations of viscosity due to tem-
perature. Therefore, acquired data have to be carefully treated and
interpreted. Besides this disadvantage, QCM has been used with ex-
tended success because the resonant frequency of the sensor can be
monitored continuously, and because upon injection of a sample, the
variation in the resonance frequency can be obtained by comparison
with a reference. The mass adsorbed to the resonator surface can be
decoupled of the liquid loading by simply subtracting a baseline.
Impedance analysis of the QCM allows a full description of the
acoustic load because several factors influence the resonance frequency
of the resonator. Mason et al. [Mason and Bateman, 1966] developed
a model that relates the mechanical oscillation of a resonator with an
electrical circuit, and provides the basis for the theoretical description
of a composite system.
QCM resonance can be modeled by a damped oscillatory motion.
The piezoelectric resonator can be characterized by its mechanical
impedance Z = |Z| × eiΘ in which the real part represents the loss in
mechanical energy while the imaginary part is defined by the mechan-
ical energy storage at the surface. The magnitude of the mechanical
impedance (|Z|) measures the signal attenuation and the phase (Θ)
the lag between the applied field and the resulting displacement.
Figure 32: Equivalent lumped circuit: BVD model circuit.
Mason model near resonance can be transformed into an equiva-
lent lumped element model circuit, known as Butterworth−van-Dyke
(BVD) circuit. BVD circuit combines a parallel and series resonance
circuit (Figure 32). The series part of the circuit is described by the
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electrical impedance Ze which comprises a resistor R, an inductor L
and a capacitor C:
Ze = R + iω
(
L− 1
ω2C
)
(16)
where ω is the angular frequency of the voltage applied to the res-
onator (ω = 2pi f ). The electrode on both sides of the crystal provide
an additional parallel capacitance element C0 to the model circuit.
The resistance R includes information about intrinsic viscosities of
the quartz and is the term that accounts for the acoustic energy dissi-
pation.
Operating the QCM in liquid leads to a decrease in the resonance
frequency, which is associated to a decrease and a widening of the
resonance peak. The resonance peak is given by the admittance
Y =
1
|Ze| =
1√
R2 +
(
ωL− 1ωC
)2 (17)
The quality factor Q is the ratio between the resonance peak and
its width at half maximum w, which depends inversely on the width
of the resonance peak:
Q =
f
w
(18)
Q is defined as the energy stored in the circuit divided by the dis-
sipated energy in one complete cycle at resonance:
Q = 2pi
Estored
Edissipated
(19)
For a series resonant circuit, the dissipation factor D can be calcu-
lated as the inverse of the quality factor Q:
D =
1
Q
= R
√
C
L
(20)
which gives a quantitative measurement of the energy dissipated
in the system.
When Nomura and Okuhara [Nomura and Okuhara, 1982] devel-
oped the operation of the QCM circuits in liquids, applications to
biological samples became possible. Theoretical models are needed
to account for all the observed frequency shifts to explain different
types of sample loading, like thick films, viscous liquids, elastic solids
and viscoelastic bodies. The impedance of the loaded sensor can be
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expressed as an additional element in series in the BVD circuit ZL
representing the load (Figure 32). Multilayers consisting of different
kind of loaded layers can be described therefore as linear combination
of the impedances of each one.
The impedance approach can provide useful information about the
material-specific parameters of the immobilized layers, i.e. film thick-
ness, elastic modulus and viscosity. The ratio ∆D/∆ f , know as acous-
tic ratio, have been used to infer about the rigidity of a layer adsorbed
to the surface or its water content as it is related to the intrinsic vis-
cosity [Tsortos et al., 2008a,b].
QCM has been used in the analysis of biological systems of di-
verse nature, from life science research to diagnostic assay develop-
ment, biomaterials and food safety. It has been proved to be a useful
tool for the detection of processes involving small molecular weight
ligands, protein adsorption to surfaces, homeostasis, nucleic acids,
carbohydrates, protein-protein interactions, viruses, bacteria, cells, li-
pidic and polymeric interfaces [Cooper and Singleton, 2007, Becker
and Cooper, 2011, Speight and Cooper, 2012].
6.3.1 Sample preparation
In this thesis a QCM with dissipation monitoring resonator QCM-
Z500 from KSV (Finland) was used. The internal temperature was
controlled through a peltier, whereas for the external temperature a
thermoblock was used in order to avoid any signal drift due to tem-
perature changes. The sample was loaded into the closed chamber
(Figure 33) by a channel distributor at a constant flow of 50 µL/min.
Figure 33: Schematic QCM closed chamber
Previous to adsorption of the sample, substrates have to be prop-
erly cleaned and activated.
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6.3.1.1 SiO2 substrates
SiO2 substrates were suitable when neutral phospholipids were used.
Substrate were cleaned with a SDS 2% (w/v) solution for 15 minutes,
then washed with distilled water Milli-Q and dried under a stream
of nitrogen. Following, the surface was activated by exposing it to
UV light cleaner for 45 min to 1 hour. The exposition to the UV light
cleans the SiO2 by eliminating organic contaminants and oxidizing
the silicon surface rendering it hydrophilic. Immediately after UV
cleaning, the substrate was mounted in the QCM chamber.
6.3.1.2 Au substrates
Au substrates were used on the experiments involving E. coli polar
lipids. The substrate was cleaned with a piranha solution (hydrogen
peroxide:sulfuric acid, 1:3) for 3 minutes, followed by an extensive
wash with distilled water Milli-Q and dried under a nitrogen stream.
Then it was submerged into a solution 0.2 mM 3-mercaptopropionic
acid (deionized water:ethanol, 1:1) and left 18 h until a self-assembled
monolayer (SAM) was formed. The sensor was rinsed with distilled
water Milli-Q and dried under a nitrogen stream prior to mounting
the sensor in the chamber.
6.3.1.3 Sample preparation
We began with a SLB formation, followed by the anchoring of sZipA
to the bilayer to a final adsorption of FtsZ (wild type or lateral mu-
tants) to sZipA (Figure 34). Because QCM measurements follow the
deposition of the material as time evolves, incubation times were de-
pendent on type and concentration of the sample. However the sam-
ple preparation steps can be summarized as follows:
1. Acquisition of a baseline. The chamber was loaded with buffer,
which was kept at a constant flow for about 15 minutes to en-
sure a baseline.
2. Liposome injection. A liposome solution diluted at 0.1 mg/mL
was injected (for about 15 minutes) until a SLB was obtained,
followed by a rinse with the same buffer for 10 minutes, operat-
ing this way we can account the change in frequency only due
to the mass adsorbed to the sensor.
3. Recharge of DOGS-NTA lipid and rinse. Buffer with 5 mM NiCl2
was injected by 10 minutes to recharge the chelating lipid DOGS-
NTA followed by a rinse with buffer BPZ prior to the adsorption
of the proteins.
4. sZipA injection. sZipA anchoring to the bilayer was registered.
After its adsorption, all free protein was rinsed with buffer BPZ
for about 15 minutes.
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5. FtsZ injection. The last layer of protein was made by the adsorp-
tion of FtsZ to sZipA, by injecting it either at a fixed concentra-
tion or at different concentrations when a titration experiment
took place. As with the previous layer, the free protein was
rinsed with buffer BPZ.
6. Control rinsing. To prove specificity of sZipA binding to the
chelating lipid DOGS-NTA, a solution of 200 mM imidazole was
injected by 10 minutes. Imidazole will compete for the binding
site of the Histidines present in sZipA to the chelating lipid
group. The experiment finished with a final exchange of the
liquid with buffer.
Figure 34: Schematic QCM sample preparation.
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6.4 quantitative analysis for qcm experimental data
Binding between a receptor and a ligand is an interaction involved in
many biological processes. In particular for this thesis a quantitative
analysis for QCM experimental data of the formation of FtsZ-sZipA
complex was performed.
6.4.1 The Langmuir isotherm
A single-site binding model describes the interaction of a ligand and
a receptor [Haynie, 2001, Connors, 1987]. At the equilibrium, the
binding follows mass action:
R + L⇔ R • L (21)
where R is the receptor, L the free unbound ligand, and R • L is the
receptor-ligand complex. The association constant is defined as:
Ka =
[R • L]
([R] [L])
(22)
and the dissociation constant is Kd = K−1a .
The Langmuir adsorption isotherm states the average number of
moles of ligand per mole of receptor is given by
φ =
[R • L]
[R]T
=
[L]
(Kd + [L])
(23)
where φ is the fraction of occupied sites (or fractional saturation),
[R]T the total concentration of receptor, and [L] the concentration of
free ligand. When φ = 1/2, Kd = [L], that is, the dissociation constant
measures the concentration of free ligand at which half the binding
sites are occupied. Langmuir isotherm derivations assume that there
are a fixed number of localized sites present on the surface, and that
the dissociation constant Kd is independent of coverage φ.
6.4.2 Empirical Hill function
To quantify the protein-protein interaction, i.e., between a ligand and
a receptor, we used the empirical Hill function [Chang, 2005] for the
fractional saturation:
φ(C) = φmax
(C/C1/2)
n
1+ (C/C1/2)
n (24)
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where φmax is the fractional saturation at the maximum ligand con-
centration C. C1/2 is the ligand concentration at which the fractional
saturation is half its maximum, i. e., φ = 1/2φmax. The number n,
know as Hill coefficient, is a parameter that indicates cooperativity:
the higher the n is, the higher the cooperativity. If n = 1, the interac-
tion process is non cooperative; if n < 1 there is a negative cooperativ-
ity of the association, that is, the binding of a new ligand is hindered
by the ligands previously bound to the receptor; and if n > 1 the
interaction displays a positive cooperativity in which the binding of a
new ligand is favored by the previously bound ligands to the receptor.
Equation 24 is an empirical approach to cooperativity; it says nothing
about the mechanism involved.
We have used this approach to quantify the interaction of FtsZ to
sZipA bound to a lipid bilayer.
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6.5 fluorescence microscopy
Fluorescence microscopy uses fluorescence to study properties of or-
ganic or inorganic substances (Figure 35). Fluorescence occurs when
energy is absorbed by the atom which becomes excited, the electron
jumps to a higher quantum state and relaxes to its ground state by
emitting a photon of light.
The technique of fluorescence microscopy has become an essential
tool in biology science. The application of a fluorochrome has made
it possible to identify cells and sub-microscopic cellular components.
With the use of multiple fluorescence labeling it becomes possible to
identify several target molecules at the same time.
Photobleaching is a process in which fluorophores irreversibly lose
their ability to fluoresce as they are illuminated because of their in-
teraction with molecular oxygen before emission. Photobleaching is
exploited in a technique known as Fluorescence recovery after photo-
bleaching (FRAP). This optical technique makes it possible to quantify
the two dimensional lateral diffusion of a molecular thin film contain-
ing labeled probes. This method is very useful in biological studies
involving cell membrane diffusion and protein binding.
Figure 35: Diagram of fluorescence microscopy.
6.5.1 FRAP measurements and sample preparation
On this thesis FRAP experiments were performed using a E600FN
Nikon microscope provided with a D-FL EPI-fluorescence attachment.
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We used a lipophilic tracer DiI C18 (549 nm, 565 nm excitation and
emission wavelengths respectively) for fluorescence measurements of
a bilayer adding a 1% molar ratio of the fluorophore to the lipid mix-
ture. The E. coli lipid bilayers were formed on Au-coated QCM sub-
strate treated with a 3-mercaptopropionic acid and on mica.
A circular area with a radius of 37 µm was photobleached by 8
minutes using the full lamp power. We measured the intensity of the
photobleached area and a reference area in all images to normalize
the photobleaching measurements. The normalized photobleached
area intensity at a time t was calculated using
I(t) = Ipt(t) + (Ire f (0)− Ire f (t)) (25)
where Ipt(t) is the intensity of the photobleached area at a time t,
Ire f (0) is the intensity of the reference area immediately after photo-
bleaching, and Ire f (t)is the intensity of the reference area at a time t.
To calculate the diffusion coefficient for the phospholipids the follow-
ing equation was used [Soumpasis, 1983]:
D =
0.224r2
τ1/2
(26)
where r is the radius of the photobleached area and τ1/2 the half-
life recovery time. The values for the fluorescence recovery measure-
ments were fit with an exponential function obtaining this way the
half-life recovery time.
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Expressions of both FtsZ lateral mutants in vivo prevent the E. coli
bacteria from dividing. In this work we want to understand how
these mutations affect in vitro polymerization of FtsZ: their interac-
tions with ZipA, their surface reorganization capacity, and the lipid
composition effect on these two behaviors.
To address these questions we have used two different surface tech-
niques: QCM with dissipation monitoring and AFM. We have used
a biomimetic system for a simplified bacteria division machinery in
vitro composed by: a lipid bilayer, the bitopic membrane protein ZipA
and the GTPase protein FtsZ.
7.1 quartz crystal microbalance
QCM-D is a technique able to monitor in real time changes in mass
and viscosity of the loaded solid support. This feature makes this
technique suitable to follow the formation of the lipid bilayer on the
sensor substrate, the subsequent anchoring of ZipA, and the bind-
ing of FtsZ, wild type and lateral mutants, to ZipA. This technique
will allow quantifying the binding between the different layers and
following their absorption kinetics. All data presented in this work
were measured at the 35 MHz overtone (the 7th overtone).
7.1.1 Bilayer formation and oriented sZipA binding
Adsorption kinetics of neutral and E. coli polar lipid liposomes
and SLB formation onto the substrate. A lipid bilayer is the first
layer on our reconstituted system to be adsorbed to the sensor surface.
The two lipid platforms where to anchor ZipA and bind FtsZ will
be composed by EPC (neutral) and E. coli polar (negatively charged)
lipids.
Figure 36a shows the change in resonant frequency and dissipa-
tion due to an increase in the loading mass. A negative frequency
change indicates the addition of mass. The Sauerbrey equation (Equa-
tion 9, Chapter 6.3) relates the change in resonant frequency with the
amount of mass adsorbed.
Fusion of neutral liposomes (EPC/DOGS-NTA lipid mixture) on
silicon oxide substrates (Figure 36a) needs the presence of a divalent
cation, we used NiCl2. Liposome deposition and fusion follows a
two step mechanism [Richter et al., 2003, Richter and Brisson, 2004,
Dodd et al., 2008, Cho et al., 2010]: i) irreversible vesicles adsorp-
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tion, and after a critical vesicle concentration is reached ii) vesicle
fusion. The curves exhibit a maximum mass uptake and dissipation
due to the total loading coupled to the sensor surface; that is, lipid
mass plus the water inside the vesicles. A subsequent increase in fre-
quency change, decrease in mass, follows after a critical coverage of
liposomes is reached on the surface. This change is due to the loss
of trapped water inside the liposomes released by their spontaneous
rupture. Dissipation values decrease after SLB formation indicating
the adsorbed layer becomes more rigid. We completed the character-
ization of the bilayer with a buffer rinse.
(a) SLB formation on SiO2 substrate for EPC liposomes.
(b) SLB formation on Au substrate for E. coli polar lipid liposomes.
Figure 36: Simultaneous measurement of frequency change (solid black line)
and dissipation (solid blue line) for SLB formation (a) on SiO2
substrate for EPC liposomes, and (b) on Au substrate for E. coli
polar lipid liposomes.
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The average of all experiments indicate a resonance frequency change
of −28.6± 0.3 Hz, which corresponds to a mass increase per unit area
of 520± 5 ng/cm2, and a dissipation value < 0.5× 10−6.
To form a bilayer from negatively charged vesicles (E. coli polar /
DOGS-NTA lipid mixture) chemically modified Au substrates with a
3-mercaptopropionic acid self-assembled monolayer (SAM) are needed
as described in the Appendix (A). Figure 36b shows the resonant fre-
quency change and dissipation for the SLB formation.
The formation of an EcPl bilayer needs the addition of Ca2+ to the
buffer solution, instead of NiCl2 used for EPC liposomes. It starts
with a slow adsorption of liposomes to the surface. The critical con-
centration is about the same amount of mass loaded to the sensor
as for neutral liposomes on SiO2, but their spontaneous rupture oc-
curs almost immediately after, as can be appreciated by the maximum
peak in the dissipation curve. Averaging all experiments, the resonant
frequency change for an E. coli polar lipid bilayer is −36.5± 2.0 Hz
(a loaded mass per unit area of 660 ± 36 ng/cm2) and a dissipation
< 1.25× 10−6.
The values for mass deposition we measured lie within expected
for a complete SLB. For EPC small liposomes adsorption on SiO2,
the reported change in frequency is 26 Hz (which corresponds to a
mass increase of 468 ng/cm2) and a dissipation < 0.2× 10−6 [Keller and
Kasemo, 1998]. The differences between our measured values and
the previously reported ones can be explained by several factors like
lipid composition, ionic strength of the buffer solution, and hydration
degree of the adsorbed bilayer [Cho et al., 2010].
sZipA anchoring on EPC lipid and E. coli polar lipid bilayer. The
anchoring of ZipA follows after the formation and characterization
of the SLB.
We have used a soluble form of ZipA, sZipA, in which the N-
terminus is replaced by a six histidine tail (His-tag). This His-tag
will be used to orient sZipA to the bilayer by incorporating a per-
centage of DOGS-NTA to the lipid mixture, which has a special head
group able to bind two histidines in the presence of nickel.
Figures 37a and 37b show the resonant frequency change and dissi-
pation for sZipA bound to EPC and E. coli polar lipid bilayers respec-
tively.
sZipA is injected into the QCM chamber at 0.6 µM for 3 minutes,
followed by a 15 minutes rinse with buffer leading to a stable signal.
When washing with a high concentration of imidazole (200 mM) dis-
places the histidine bound to the NTA and sZipA is removed from
the lipid bilayer.
This concentration and incubation time ensures an irreversibly bound
sZipA monolayer. The reversibility of the signal due to the imidazole
injection indicates that sZipA anchoring to the lipid bilayer is made
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through its amino terminal domain to the DOGS-NTA lipid present
in the bilayer.
At lower NTA concentration, a stable but partial sZipA coverage
was observed; whereas for NTA content above 10% full coverage was
achieved (data not shown).
(a) sZipA bound to an EPC lipid bilayer.
(b) sZipA bound to an E. coli polar lipid bilayer.
Figure 37: Simultaneous measurement of frequency change (solid black line)
and dissipation (solid blue line) for sZipA bound to (a) an EPC
and to (b) an E. coli polar lipid bilayer respectively.
For the adsorption of sZipA to an EPC bilayer, the change in res-
onant frequency is −36.3 ± 2.3 Hz and a dissipation < 3.5 × 10−6.
Whereas, for the binding of sZipA to an EcPl bilayer the resonance
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frequency shifts are −44.9± 6.3 Hz and dissipation < 4× 10−6. The
averaged frequency values correspond to a mass per unit area of
19.6 ± 2.3 pmol/cm2 for EPC bilayers and 24.3 ± 3.4 pmol/cm2 for EcPl
bilayers; giving an average diameter available per molecule on the
surface of ∼ 3.3 nm and ∼ 3 nm respectively.
There is a slight difference in the dissipations of sZipA bound to
the different lipid bilayers. The small increase in the dissipation ob-
served on E. coli lipids might indicate that the sZipA protein layer is
less compact in spite the smaller area available per molecule. It is pos-
sible to accommodate a larger number of sZipAs per area if some of
them are more stretched, i.e., by changing the conformation of sZipA
P/Q unstructured domain due to the lipid composition of the bilayer
[Mateos-Gil et al., 2012a, López-Montero et al., 2013a].
We therefore conclude that we have a sZipA protein monolayer;
and that sZipA is bound to the bilayer through the histidine tail
present in its amino terminal domain.
Figure 38: QCM-D monitoring on SiO2 substrate. Simultaneous measure-
ment of frequency (solid black line) and dissipation (solid blue
line) responses for an SLB formation, sZipA adsorption, FtsZwt
titration binding. Arrows indicate the successive liposomes, pro-
teins and imidazole injections; and the stars indicate the corre-
sponding buffer rinses.
FtsZ binding to the anchored sZipA will complete our reconsti-
tuted system. Figure 38 shows a typical QCM-D experiment monitor-
ing performed for this thesis, and it shows the successive liposomes,
proteins and imidazole injections and corresponding rinses.
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Data acquisition starts with the signal registered in the presence of
buffer followed by the injection of a liposomes solution that leads to
a rapid absorption and formation of an SLB. sZipA is then anchored
to the bilayer previous to FtsZ binding. A final rinse with imidazole
removes sZipA from the bilayer leaving the bare membrane. There
is no binding observed of FtsZ to the bilayer in the absence of sZipA
(data not shown).
7.1.2 FtsZ - ZipA binding and unbinding
FtsZ protein, wild type and lateral mutants, were bound to a satu-
rated monolayer of sZipA previously anchored to a lipid bilayer. The
samples were injected following a titration experiment by gradually
increasing FtsZ concentration. The chamber was rinsed with buffer
after the maximum protein concentration loading was complete.
Figure 39: Resonant frequency shift (solid black line) and dissipation (solid
blue line) measurement for FtsZwt-GDP on EPC bilayer.
FtsZwt binding in the presence of GDP. Figure 39 shows a FtsZwt-
sZipA complex formation on a neutral lipid bilayer in the presence
of GDP. After the buffer measurement was stabilized, FtsZwt was
injected at increasing protein concentration from 0.4 µM to 6 µM.
The change in resonant frequency and dissipation account for the
increasing protein binding to the sensor surface. The protein is rinsed
from the chamber with buffer after its complete adsorption. The ob-
served increase in the frequency change shows the desorption of a
certain amount of protein.
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The values measured for the adsorption of FtsZwt to sZipA on
EPC and EcPl lipids bilayers correspond to an adsorbed mass per
unit area of 16 ± 2 pmol/cm2 and 21 ± 2 pmol/cm2 respectively (giving
∼ 3.6 nm and ∼ 3.3 nm diameter available per FtsZ on the surface
respectively).
Figure 40: Fractional saturation φ as function of FtsZwt-GDP concentration,
bound to sZipA on EPC and EcPl lipid bilayer.
Table 1: Non-linear least squares fit to the Hill equation of the binding
isotherms for FtsZwt-GDP to sZipA on EPC and E. coli polar lipids.
The fitted parameters are n (Hill cooperative coefficient), φmax and
C1/2.
Figure 40 shows the fractional saturation φ (Chapter 6.4.2) as a
function of FtsZwt concentration, when the protein is injected in the
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presence of GDP on both lipid bilayers: EPC and EcPl. φ represents
the fraction of receptor (sZipA) forming a complex with the ligand
(FtsZ) on the surface.
Quantification for the FtsZwt-sZipA complex formation is shown
on Table 1. The experimental data were fit to the empirical Hill equa-
tion (Equation 24, Chapter 6.4.2).
The binding of FtsZwt to sZipA is independent on the charge of
the bilayer. The fit yielded a Hill coefficient n is approximately 1 for
data corresponding to both lipid bilayers, and FtsZwt-sZipA complex
formation with GDP on a lipid bilayer follows a single site binding
model; i.e., data can be fit by a Langmuir isotherm (Equation 23,
Chapter 6.4.1) where C1/2 = Kd , the dissociation constant.
FtsZ lateral mutants binding in the presence of GDP. To compare
FtsZ lateral mutants binding to FtsZwt we carried out the correspond-
ing binding isotherms under the same conditions of lipid bilayers and
nucleotide.
Figure 41 shows the binding isotherms for FtsZ lateral mutants -
sZipA complex formation in the presence of GDP for the different
bilayers: EPC and EcPl.
A mutation in the lateral side of FtsZ that replaces a positive charge
with a neutral aa (FtsZR85Q) favors the binding to sZipA on EPC
lipids, enhancing their interaction at larger protein concentration. On
the contrary, replacing a negative charged aa by a neutral one (Ft-
sZE83Q) hinders the binding to sZipA on the same lipid bilayer (Fig-
ure 41a). The average of the measured values for the mass loaded to
the sensor per unit area are 15± 1 pmol/cm2 and 27± 1 pmol/cm2 for Ft-
sZE83Q and FtsZR85Q respectively, giving an available diameter per
protein on the surface of ∼ 3.7 nm and ∼ 3 nm.
Both FtsZ lateral mutants display the same binding behavior on E.
coli polar lipids as on neutral EPC lipids (Figure 41b): a positive to
neutral aa mutation favors the binding while a negative to neutral
aa mutation does not. Although both FtsZ lateral mutants change
the binding to sZipA on lipid bilayers, they approach FtsZ wild type
binding behavior when E. coli polar lipids are present. The measured
loading of the surface yielded a mass uptake per unit area of 20±
1 pmol/cm2 and 33± 2 pmol/cm2 for FtsZE83Q and FtsZR85Q respectively,
corresponding values of an available diameter per FtsZ on the surface
of ∼ 3.2 nm and ∼ 2.8 nm.
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(a) FtsZ-sZipA complex formation on EPC lipid bilayer.
(b) FtsZ-sZipA complex formation on EcPl lipid bilayer.
Figure 41: Fractional saturation φ as a function of FtsZ concentration for
FtsZE83Q (open circles) and FtsZR85Q (open triangles) bound to
sZipA on EPC and EcPl lipid bilayer with GDP. Data for FtsZwt
binding are plotted in black for the sake of comparison.
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Table 2: Non-linear least squares fit to the Hill equation of the binding
isotherms for FtsZ lateral mutants to sZipA on EPC and EcPl lipids
with GDP. The fitted parameters are n (Hill cooperative coefficient),
φmax and C1/2.
From Table 2, FtsZE83Q binds cooperatively to sZipA on both EPC
and EcPl bilayers (Hill coefficient n > 1), and FtsZR85Q binds non
cooperatively to sZipA on EcPl lipids (n < 1). However, it is not
possible to fit FtsZR85Q data to Hill equation on EPC lipid bilayer.
In vitro experiments show there is no polymerization of FtsZ-GDP
in solution but FtsZ-GTP polymerizes when the protein reaches a crit-
ical concentration (as mentioned on Chapter 2.2). We wanted to eval-
uate how the binding of FtsZ to sZipA changes when incubating the
polymerized protein. For these experiments we have used GMPCPP
nucleotide injecting the protein at increasing concentrations spanning
from not polymerized to polymerized FtsZ. GMPCPP is a slowly hy-
drolyzable GTP analogue that also promotes polymerization giving
more stable polymers that allow obtaining more reliable experimental
results. The experiments take at least 10 minutes per FtsZ concentra-
tion to reach equilibrium adsorption in a titration experiment, and
FtsZ filaments are more stable within experimental time if bound in
the presence of GMPCPP.
Light scattering experiments indicate there is no polymerization of
all three FtsZ proteins (wild type and lateral mutants) at concentra-
tions ≤ 0.4 µM in the presence of GTP or GMPCPP (data not shown).
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Figure 42: Fractional saturation φ as function of FtsZwt concentration,
bound to sZipA with GMPCPP on EPC and E. coli polar lipids
bilayer. Data from FtsZwt-sZipA complex on EPC lipids with
GDP are plotted in a dashed gray line as reference.
FtsZwt binding in the presence of GMPCPP. The lipid composi-
tion of the bilayer does not significantly affect the fractional saturation
φ, neither with GMPCPP (Figure 42) nor GDP (Figure 40). However,
there is a larger fraction of surface receptors occupied in the presence
of GMPCPP than GDP (dashed gray line in Figure 42).
Table 3 shows the experimental binding data fit for FtsZwt - sZipA
in the presence of GMPCPP on EPC and EcPl lipids. The binding of
FtsZwt is non cooperative (n < 1) on both bilayer.
Table 3: Non-linear least squares fit to the Hill equation of the binding
isotherms for FtsZwt-GMPCPP to sZipA on EPC and E. coli po-
lar lipids. The fitted parameters are n (Hill cooperative coefficient),
φmax and C1/2.
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Figure 43: Resonant frequency change (∆ fN/N)7 vs. Log([FtsZ]) for
FtsZwt-GMPCPP bound to sZipA on EPC and E. coli polar lipids
bilayers.
Figure 43 is a semilogarithmic plot of the resonant frequency change
(∆ fN/N)7 against Log([FtsZ]). This semilog plot representation al-
lows showing data covering different orders of magnitude in FtsZ
concentration. There are two binding regimes concentration depen-
dent: below and above critical polymerization concentration (1 µM,
Log([FtsZ]) = 0). The binding behavior is comparable in the two
lipid bilayers below the critical FtsZwt concentration, but a signifi-
cant change is observed at higher concentrations. On E. coli lipids the
amount of bound FtsZwt is enhanced most significantly above the
critical polymerization concentration. The mass adsorbed at [FtsZ] =
0.4 µM (below the FtsZ critical concentration) corresponds to a mass
per unit area of 13.4± 0.4 pmol/cm2 for EPC lipids and 17± 3 pmol/cm2
for EcPl lipids; whereas the values measured at maximum FtsZ con-
centration above critical correspond to 23.8 ± 0.1 pmol/cm2 and 37 ±
3 pmol/cm2 on each bilayer respectively. These values gives a diameter
available per protein of ∼ 3 nm and ∼ 2.3 nm at maximum FtsZwt
concentration on EPC and EcPl lipid respectively.
Dissipation measurements show also a two zone behavior when
binding FtsZwt to sZipA in the presence of GMPCPP for EPC and
EcPl lipids (Figure 44). Above critical concentration of 1 µM, dissipa-
tion data indicate the adsorbed layer becomes less rigid. On E. coli
polar lipid bilayer the dissipation at maximum polymer concentration
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of 6 µM increases about six times its value compared to dissipation
for FtsZwt bound at the same concentration with GDP (gray dashed
line in Figure 44). On EPC lipids this dissipation increase is about
three times.
Figure 44 also shows that dissipation data below FtsZwt-GMPCPP
critical concentration are comparable to those measured in the pres-
ence of GDP, indicating the adsorbed layer has a similar rigidity as
the one bound in the absence of polymers.
Figure 44: Dissipation measurement ∆D7 (10−6) as a function of FtsZwt-
GMPCPP concentration, bound to sZipA on EPC and E. coli polar
lipids bilayer. Data for FtsZwt-sZipA binding on EPC lipids with
GDP are plotted in a dashed gray line as reference.
At the FtsZ wild type concentration where polymers are expected
to form, we observe an significant increase in mass and dissipation.
We can interpret these results as having polymers on the surface
(increase in mass adsorbed) and that these polymer layer are more
loosely bound (increase in dissipation).
FtsZ lateral mutants binding in the presence of GMPCPP. Figure
45 shows the binding isotherms of FtsZ lateral mutants compared to
FtsZwt under the same conditions of nucleotide and lipid bilayer. The
binding of FtsZ lateral mutants with GMPCPP is independent of the
lipid bilayer: the fraction of receptors occupied is smaller than FtsZwt
on either bilayer. This fraction approaches the value for FtsZwt as the
concentration of FtsZ lateral mutant increases.
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(a) FtsZ-sZipA complex formation on EPC lipid bilayer.
(b) FtsZ-sZipA complex formation on EcPl lipid bilayer.
Figure 45: Fractional saturation φ as a function of FtsZ concentration for
FtsZE83Q (open circles) and FtsZR85Q (open triangles) bound
to sZipA on EPC and EcPl lipid bilayer with GMPCPP. Data for
FtsZwt binding are plotted in black for the sake of comparison.
Figure 46 shows a comparison of the resonant frequency changes
(∆ fN/N)7 as a function of Log([FtsZ]) for both FtsZ lateral mutants
bound to sZipA with GMPCPP on the two lipid bilayers tested. The
binding on neutral EPC bilayer is not significantly different among
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the three FtsZ proteins (Figure 46a), but on EcPl lipid bilayer the
different behavior of FtsZ lateral mutants is enhanced.
(a) Binding of FtsZ-GMPCPP to sZipA on EPC lipid bilayer.
(b) Binding of FtsZ-GMPCPP to sZipA on E. coli polar lipids bilayer.
Figure 46: Resonant frequency change (∆ fN/N)7 vs. Log([FtsZ]) for FtsZ
lateral mutants bound to sZipA with GMPCPP on a) EPC and b)
E. coli polar lipids bilayer. Data from FtsZwt-sZipA complex are
plotted in black as comparison.
The quantification analysis of the binding isotherms for FtsZ-sZipA
complex formation is summarized in Table 4, where experimental
data were fit with the empirical Hill equation (Chapter 6.4.2). In
light green are highlighted the fitting values for FtsZE83Q-GMPCPP
bound to sZipA on EPC lipids, these experimental data fit the em-
pirical Hill equation for protein concentrations below 1 µM. Data for
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the binding of FtsZR85Q to sZipA on both bilayers with GMPCPP as
well as on EPC with GDP do not fit the empirical Hill equation.
(a) FtsZE83Q-GMPCPP bound to sZipA on EPC and EcPl lipid bilayer.
(b) FtsZR85Q-GMPCPP bound to sZipA on EPC and EcPl lipid bilayer.
Figure 47: Dissipation measurement ∆D7 (10−6) as function of FtsZ concen-
tration, for (a) FtsZE83Q and (b) FtsZR85Q binding to sZipA
with GMPCPP on EPC and E. coli polar lipids bilayer. Data from
FtsZwt-sZipA binding on EPC lipids with GDP are plotted in a
dashed gray line as reference.
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The rigidity of a protein layer adsorbed to the sensor surface is
associated to the dissipation measured. Figure 47 shows dissipation
measurements for FtsZ wild type and lateral mutants bound to sZipA
under different conditions of lipid bilayers and nucleotide. One way
to analyze the experimental data is to take the acoustic ratio (∆D/∆ f )
which is related to the intrinsic viscosity of the protein layer (as men-
tioned on Chapter 6.3).
Figure 48 shows the acoustic ratio for FtsZwt and lateral mutants in-
dividually: black and dark gray squares are taken with GDP on both
bilayers type as comparison. The rigidity of the bound FtsZ-GDP
layer is independent of protein type (wild type and lateral mutants),
mass adsorbed and lipid bilayer composition.
If FtsZ proteins are bound to sZipA with GMPCPP, two regimes
are distinct dependent on the protein concentration. For FtsZwt (Fig-
ure 48a) there is a critical concentration of 0.5 µM below which the
layer is as rigid as in the GDP form. Above that critical value the
adsorbed layer becomes less rigid independently of the lipid bilayer
composition. This increase in the acoustic ratio might reflect the poly-
merization of FtsZwt on the surface.
Differences arise when comparing the acoustic ratio for the FtsZ
lateral mutants with respect to FtsZwt (Figures 48b and 48c). The
value at which the behavior changes for the FtsZ lateral mutant lies
between 1 µM and 2 µM, instead of 0.5 µM observed for FtsZwt. E.
coli polar lipids start inducing changes in the adsorbed protein layer
rigidities at the maximum concentration: FtsZE83Q layer is less rigid
whereas FtsZR85Q layer is more rigid than FtsZwt.
The differences observed with GMPCPP on the polymer regime
could be due to the lack of polymerization, or due to a different poly-
mer formation for the FtsZ lateral mutants layer.
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(a) FtsZwt bound to sZipA
(b) FtsZE83Q bound to sZipA
(c) FtsZR85Q bound to sZipA
Figure 48: Acoustic ratio ∆D/∆ f as a function of FtsZ concentration at all ex-
perimental conditions of nucleotide and bilayer. For all FtsZ pro-
teins (wild type and lateral mutants) black and dark gray squares
are taken with GDP, and blue and red squares are taken with
GMPCPP on EPC and EcPl lipid bilayer respectively.
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FtsZ wild type and lateral mutants unbinding. Once the FtsZ
titration binding experiment is completed, the protein is rinsed from
the chamber. Frequency change measurements allow calculating the
percentage of protein that remains bound to sZipA on the surface
with respect to the maximum protein adsorbed.
Table 5 show the reversibility of the binding and the percentage of
FtsZ that remains bound to sZipA after the buffer rinse is completed.
Reversibility is dependent on lipid composition for FtsZwt-sZipA
complex formation with GDP (Table 5): most of FtsZwt remains
bound to sZipA on EPC lipid bilayer (↑); while a minimum of FtsZwt
remains bound to sZipA when EcPl lipids are present (↓). Changing
the nucleotide to GMPCPP makes the binding completely reversible
regardless lipid composition.
FtsZ lateral mutants binding to sZipA with GDP is almost irre-
versible independently of the lipid composition. Reversibility of Ft-
sZE83Q - sZipA binding with GMPCPP is equal to FtsZwt-GMPCPP.
On the contrary, reversibility of FtsZR85Q lateral mutant binding is
more uncertain: EPC lipids promotes half the experiment to be com-
pletely reversible (♦), while E. coli polar lipids makes most of the
experiments reversible (∗).
Table 5: Reversibility of the binding and percentage of FtsZ (wild type and
lateral mutant) that remains bound to sZipA under all experimental
conditions of nucleotide and lipid bilayer composition. ↑ indicates
that most of FtsZwt-GDP remains bound to sZipA, while ↓ that
at least the 30% of the protein remains bound to the surface. For
FtsZR85Q-GMPCPP ♦ indicates that half the experiment are com-
pletely reversible and ∗ that most of the binding experiments are
reversible.
Therefore, the differences for the binding, rigidity and the unbind-
ing of the FtsZ lateral mutants compared to FtsZwt under the differ-
ent in vitro conditions of lipid composition and nucleotide type tested
on this thesis might be one of the factors to explain their impaired in
vivo behavior as will be discussed later.
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7.2 atomic force microscopy
AFM is a high-resolution surface microscopy technique that allows
scanning biological samples under physiological conditions (as de-
scribed in Chapter 6.2.1). This technique will give us the topography
of the structures and their reorganization on the substrate.
We studied FtsZ behavior on surfaces of increasing complexities:
on mica, on mica with sZipA and on lipid bilayers with sZipA.
All images for FtsZ wild type on mica and on the two lipid bilayers
studied (DOPC and E. coli polar lipids) were taken with permission
from Pablo Mateos-Gil PhD thesis [Mateos-Gil, 2013] for the sake of
comparison.
7.2.1 FtsZ polymerization on mica
We first study FtsZ lateral mutants polymerization on bare mica and
compare their behavior to FtsZwt. The three samples were prepared
as described in Chapter 6.2.2 and scanned on buffer with GTP.
Figure 49 shows that the three FtsZ proteins are able to polymerize
on mica with GTP. The profile corresponds to the green line on the
AFM image. Individual filaments are observed to be 3− 4 nm height
and hundreds of nm long. Straight and curved filament aggregates
are formed.
AFM also allows following the dynamics of the structures adsorbed
to the surface. In the presence of GTP, FtsZ polymers are able to re-
organize on the surface. Figure 50 shows snapshots for the time evo-
lution of these polymers for the three FtsZ proteins studied. As time
evolves some protein is desorbed from the surface promoting the for-
mation of other condensates like rolls. FtsZE83Q filaments on mica
are dynamic and appears to desorb more slowly than FtsZwt. Ft-
sZR85Q polymers also reorganize but are fragile as they break easily
when scanning.
FtsZ polymers from the three proteins on mica are almost indistin-
guishable, there are slight differences that are noticeable when com-
paring them at the same time. Therefore, the reduced GTPase activity
in solution of the FtsZ lateral mutants seems to be irrelevant for their
surface polymer reorganization.
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(a) FtsZwt
(b) FtsZE83Q
(c) FtsZR85Q
Figure 49: AFM images for the three FtsZ polymers on mica with GTP. To
the right, a profile of their heights corresponding to the green line
on the AFM image. The scanning area of the images is 1 µm×
1 µm.
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7.2.2 FtsZ - sZipA interaction on mica
We next explored how the FtsZ lateral mutants polymerization is af-
fected or not by the presence of sZipA. The samples were prepared
as described on Chapter 6.2.2 and scanned in the presence of GTP.
Figure 51 shows that FtsZ wild type and lateral mutants are still
able to polymerize on mica in the presence of sZipA.
The profile plots indicate the heights of the FtsZ polymers are not
affected by the addition of a second protein, they are still one protein
height and sZipA might be placed beside the polymers.
Figure 52 shows how these FtsZ polymers reorganize on the sur-
face as snapshots. FtsZ wild type filaments undergo several con-
formations during the experimental timescale: at t = 0 they are
tightly packed and individual polymers are indistinguishable. As
time evolves, some rolls start to appear (see t = 3 h snapshot), and
eventually they start to straighten and condense in large straight ag-
gregates. The height of the final condensates is still 4 nm.
FtsZE83Q polymers also reorganize: at t = 3 h some polymers start
to straighten and individual filaments are distinguishable, but they fi-
nally condensate in the form of tight rolls instead of long and straight
bundles as FtsZwt does.
FtsZR85Q filaments are dynamic but evolve more slowly: at t =
3 h some curved filaments start being discernible and a few rolls are
observed. At the end of the scanning time the condensates are similar
as those for FtsZE83Q, but the rolls are less tight and it is possible to
distinguish individual filaments within them.
The presence of sZipA affects the way FtsZwt reorganize on the
surface, inducing the formation of long and straight condensates.
Although both FtsZ lateral mutants start to reorganize at some
point into straight filaments, their final condensates are in the form
of rolls instead of straight bundles formed by FtsZwt.
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(a) FtsZwt with sZipA
(b) FtsZE83Q with sZipA
(c) FtsZR85Q with sZipA
Figure 51: AFM images for FtsZ wild type and lateral mutants polymers on
mica with sZipA and GTP. To the right, a profile of their heights
corresponding to the green line on the AFM image. The scanning
area of the images is 1.5 µm× 1.5 µm.
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7.2.3 FtsZ - ZipA interaction on a lipid bilayer
The reconstituted system with the highest complexity studied on this
thesis will be complete by adding a supported lipid bilayer. We have
used neutral (DOPC) and negatively charged (E. coli polar) lipid bi-
layers, as in QCM experiments, to anchor first sZipA and then bind
both FtsZ lateral mutants to it. We want to evaluate how the polymer-
ization of FtsZ mutants is affected by the different lipid composition
of the bilayers.
Mateos-Gil et al. [Mateos-Gil et al., 2012a] have characterized the
formation of FtsZ wild type bundles bound to sZipA on DOPC and
EcPl bilayers by AFM under the same conditions we used on this
thesis.
We start our characterization for the binding of FtsZ lateral mutants
to sZipA anchored on neutral DOPC lipids preparing the samples as
described in Chapter 6.2.2.
FtsZ, wild type and lateral mutants, are able to polymerize on neu-
tral DOPC lipids in the presence of GTP as shown on Figure 53. The
formed structures are about 3.5− 5 nm height above the bilayer and
individual filaments are observed.
Figure 54 shows a series of snapshots for the dynamics of these
polymers. FtsZwt polymers reorganize on the surface and form high
order structures. Those final condensates are about 8 nm in height
from the bilayer.
On the contrary, FtsZ lateral mutants are not capable of forming
high order filament condensates. FtsZE83Q polymers show a small
reorganization on the surface as time evolves. These condensates
are mostly composed of tight rolls. FtsZR85Q single filaments start
to be distinguishable as the protein desorbs from the surface. As
time progress, this particular FtsZ mutant finally condensates into
rolls. The final condensates for both FtsZ lateral mutants are 4.5 nm
in height, i.e., a single layer of protein and 1 nm more than in mica.
Another feature observed is that FtsZ lateral mutants bind to sZipA
as islands of protein, this characteristic is shared by both proteins but
it is completely different compared to FtsZwt.
Figure 55 shows the polymerization and reorganization of FtsZ on
E. coli polar lipids. At t = 0 there are no FtsZ polymers on the surface
for the wild type and lateral mutants proteins. As time progress,
FtsZwt starts to polymerize and reorganize until a highly connected
and dynamic network is formed. These polymers extend from the
surface about 20 nm in height.
Contrary to the native protein, FtsZ lateral mutants display a dif-
ferent behavior, they do not polymerize on EcPl lipids. FtsZE83Q at
t = 3 h starts to resemble the first stage of FtsZwt reorganization but
it does not evolve further. As for FtsZR85Q instead, its final structures
are not filamentous aggregates.
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We therefore conclude that either lateral aa mutation on FtsZ affects
the interaction between polymers and their interaction with sZipA
when anchored to a supported lipid bilayer.
(a) FtsZwt-GTP bound to sZipA. Scanned area of 1 µm× 1 µm.
(b) FtsZE83Q-GTP bound to sZipA. Scanned area of 1.5 µm× 1.5 µm.
(c) FtsZR85Q-GTP bound to sZipA. Scanned area of 1.5 µm× 1.5 µm.
Figure 53: AFM images of FtsZ polymers bound to sZipA on neutral DOPC
lipids. To the right, a profile of their heights corresponding to the
green line on the AFM image.
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D I S C U S S I O N
The aim of this thesis was to provide a biophysical characterization of
two single-site mutations directed to the lateral side of FtsZ with the
use of AFM and QCM techniques. A comparison with native FtsZ was
made trying to elucidate which differences in vitro could be relevant
for these two FtsZ mutants functionality in vivo. Our results show
that the differences in behavior of both FtsZ lateral mutants with re-
spect to the native protein become apparent when we increase the
complexity of our reconstituted system.
about ftsz polymerization on mica
We first studied the effect of these two single-site FtsZ mutations on
polymerization on mica.
FtsZE83Q and FtsZR85Q mutants have been characterized by Shin
et al. [Shin et al., 2013] by biochemical and Electron microscopy tech-
niques. Their in vitro results show that both mutations changed the
FtsZ GTPase activity, and that the mutations affected the longitudinal
interactions and their ability to form bundles. FtsZE83Q polymerizes
into long and curved filaments, while FtsZR85Q polymers are short
and straight as observed by EM on negatively stained samples.
Our results show a distinct behavior of the polymerization induced
by the planar surface with respect to EM previous results. AFM
experiments have shown that both FtsZ lateral mutants are able to
polymerize on mica in the presence of GTP. The filaments formed
are long, single stranded and curved of several hundredths of nm
in length. Adsorption of the filaments to the surface stabilizes them.
So, contrary to what Shin et al. conclude, we observe that these lat-
eral mutations on FtsZ allow the longitudinal interaction when the
proteins are oriented on a surface.
With respect to the dynamic behavior of the polymers, we observed
that FtsZR85Q depolymerizes as FtsZwt whereas FtsZE83Q does it
more slowly. Hence, we conclude that an impaired GTPase activity
for both FtsZ lateral mutants does not affect polymerization and reor-
ganization on mica.
about ftsz-szipa interaction on mica
It was shown that the presence of ZipA stabilizes FtsZ protofilaments
and induces bundling in solution and on surfaces [Hale et al., 2000,
Kuchibhatla et al., 2011, Mateos-Gil et al., 2012a].
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Our AFM experiments show that both FtsZ lateral mutants poly-
merize and reorganize on mica in the presence of sZipA and GTP.
However, instead of evolving into straight bundles like the wild type
FtsZ, they evolve into tightly packed round bundles. FtsZE83Q dis-
plays an intermediate stage of aggregation in which stretched and
straight filaments are observed, but the filaments keep evolving un-
til they condensate into tight rolls. As for FtsZR85Q filaments, they
evolve directly into rolls.
We conclude that the presence of sZipA allows the polymerization
of both FtsZ lateral mutants on mica but prevents the formation of
straight bundles favoring instead circular condensates.
about ftsz-szipa interaction on lipid bilayers
A lipid surface allow studying the binding of FtsZ to the membrane
through sZipA. This way it is possible to look at the effect of the lipid
composition on the FtsZ-sZipA complex formation and structure of
the filaments.
FtsZ wild type. QCM experiments on planar bilayers show an spe-
cific binding of FtsZwt to sZipA in the presence of GDP [Mateos-Gil
et al., 2012a]. We observed that this binding follows a single site bind-
ing model and that the affinity for the formation of FtsZwt-sZipA
complex with GDP is is in the microcolar range, comparable to in so-
lution results [Martos et al., 2010, Hernández-Rocamora et al., 2012b],
and this affinity is independent on the lipid composition.
Once FtsZwt is bound to sZipA, the addition of the hydrolyzable
nucleotide GTP induces spontaneous FtsZwt polymerization on PC
lipids, as observed by AFM [Mateos-Gil et al., 2012a]. The bundles
formed by FtsZ wild type on neutral PC lipids are standing ∼ 8 nm
away from the bilayer. On the contrary, on E. coli polar lipids the
polymerization of FtsZ native takes place after a certain lag time and
the filaments are suspended 20 nm above the lipid bilayer [Mateos-Gil
et al., 2012a]. The authors suggested that sZipA affects in a different
manner on FtsZ polymers depending on the lipid composition of the
bilayer, and that the presence of charged lipids is essential to increase
the flexibility of the sZipA nonstructured domain. The new QCM
study presented in this thesis supports their interpretation. When
binding FtsZwt-GMPCPP to sZipA anchored to an E. coli polar lipid
bilayer, we observe an increase in mass, corresponding to the forma-
tion of polymers, and also an associated increase in acoustic ratio
larger than the one observed on neutral PC lipids. This indicates that
the protein layer adsorbed is more loosely bound on E. coli than on
PC lipids, as expected for filaments suspended 20 nm away from the
surface.
Therefore, our results together with previous studies [Mateos-Gil
et al., 2012a, López-Montero et al., 2013a] suggest the presence of
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negatively charged lipids induce changes on the unstructured P/Q
domain of sZipA, which in turn might be responsible for the lag time
observed for FtsZwt polymerization, their ulterior reorganization and
bundling.
The straight bundles formed by FtsZwt on neutral PC lipid bilay-
ers, where the sZipA protein layer is more rigid can be explained by
González de Prado Salas et al. model [González de Prado Salas et al.,
2014]. They propose that the way the filaments are anchored to a sur-
face can determine the shape of the aggregates. That is, straight FtsZ
filaments can form when they are firmly attached to the surface and
the orientation leaves the prefential curvature of the filaments facing
upward, with the FtsZ N-terminus to C-terminus plane perpendicu-
lar to the surface. The FtsZwt curved bundles formed on EcPl lipid
bilayers can also be explained by this model by decreasing the an-
choring strength, i. e., a more loose protein layer, and/or changing
the orientation of the FtsZwt N-terminus to C-terminus plane with
respect to the surface.
FtsZ lateral mutants. FtsZ lateral mutants, in the presence of GDP,
bind differently to sZipA than FtsZ wild type on a neutral PC lipid
bilayer. However, when anchoring sZipA to an E. coli polar lipid
bilayer, the binding behavior of both FtsZ lateral mutants approaches
the one observed for the native FtsZ.
QCM experiments show that in the presence of GMPCPP the poly-
mers formed by the FtsZ lateral mutants are different than the ones
formed by FtsZ wild type: a smaller acoustic ratio indicates the pro-
tein layer is more rigid at the protein concentration when polymers
are expected to form.
AFM experiments show the same effect. Both FtsZ lateral mutants
polymerize on neutral PC lipid bilayers immediately after addition of
GTP but the protein layer is more compact than FtsZ wild type, as
single filaments are difficult to observe. These polymers are able to
reorganize on the surface but the final bundles are in the form of rolls
instead of the straight bundles formed by FtsZ wild type.
The aggregates in the form of tight rolls formed by the FtsZ lateral
mutants on neutral PC lipids could also be explained by González
de Prado Salas et al. model [González de Prado Salas et al., 2014]:
a stronger anchoring given by a higher rigidity of the protein layer
and a change in the orientation of the FtsZ N-terminus to C-terminus
plane respect to the surface.
On E. coli polar lipid bilayers the polymerization behavior of the
FtsZ lateral mutants is different. Although QCM binding results
are similar to those where neutral PC lipids are present, negatively
charged lipids prevent FtsZ lateral mutants polymerization within ex-
perimental AFM time employed on this thesis (up to 5 hours of con-
tinuous scanning). At the end of scanning time, FtsZE83Q reaches an
intermediate stage in reorganization comparable to the initial stage
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in reorganization for FtsZwt. On the contrary, for FtsZR85Q we ob-
served protein aggregates with no structure.
Therefore, we conclude that both FtsZ lateral mutations affect the
interaction among polymers and with sZipA when anchored to a
lipid bilayer.
Thus far, AFM and QCM studies provided information about the
formation and structure of filaments on a surface. However, since
QCM allows real time measurements of surface loading and unload-
ing, we also explored the extent to which FtsZ-sZipA binding was
reversible. We found that FtsZ wild type binding to sZipA was
completely reversible only with GMPCPP. For FtsZwt-GDP, unexpect-
edly, we found that a fraction of the protein is irreversibly bound
to sZipA. This amount of FtsZ-GDP that irreversible binds to sZipA
could be due to the presence of additional interactions between FtsZ-
FtsZ, FtsZ-sZipA or FtsZ-lipids that could stabilize the protein layer.
FtsZ lateral mutants show a different behavior. In the presence
of GDP, both FtsZ lateral mutants bind 100% irreversibly to sZipA
regardless the lipid composition, indicating a higher stabilization of
the protein layer. However, GMPCPP nucleotide makes the unbind-
ing for FtsZR85Q uncertain: on some experiments a fraction of the
protein remains irreversibly bound to sZipA regardless lipid compo-
sition, suggesting this mutant interacts differently with sZipA.
FtsZ lateral mutants are not able to reach the same high order bun-
dles as FtsZ wild type. The lateral region of the FtsZ monomers
altered by the mutations affects the binding to sZipA and the inter-
action between filaments that prevents them from reorganizing. Ft-
sZE83Q similar intermediate stage of bundling as FtsZwt in addition
to the same reversibility observed in our in vitro experiments might
explain the small cell viability observed in vivo [Shin et al., 2013]. Nev-
ertheless, FtsZR85Q observed differences respect to FtsZwt regarding
binding, polymerization and reversibility in vitro might explain why
this particular mutation does not support cell division in vivo [Shin
et al., 2013]. Hence, the complete reversibility on E. coli polar lipid bi-
layer along with filament reorganization observed for the native FtsZ
might be relevant for its biological function.
While the Z-ring is present in the bacterium, FtsZ polymers might
undergo different stages: from binding to ZipA, bundling, remod-
elling to unbinding. The fact that the binding of native FtsZ polymers
on E. coli lipids is completely reversible might contribute to a rapid
remodelling of the structures induced by a change in the bacterium
membranes or vice versa.
We conclude that reorganization of the FtsZ filaments and reversibil-
ity of the binding to sZipA, anchored to an E. coli polar lipid bilayer,
are important characteristics in vitro associated to FtsZ function in
vivo.
Part IV
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C O N C L U S I O N
Following, I present the conclusions of this thesis.
• The behavior of FtsZ lateral mutants on surfaces is different as
the behavior on solution described for the same proteins:
– Lateral mutants monomers interact longitudinally forming
filaments on surface.
– In spite of their impaired GTPase activity detected in so-
lution both mutant proteins polymerize and reorganize on
mica.
– Contrary to what is observed for the native protein, the
aggregates formed by both lateral mutants in the presence
of sZipA are circular instead of straight bundles.
• Both FtsZ lateral mutants behavior is different to the native pro-
tein when bound to ZipA anchored to a supported lipid bilayer:
– They alter the amount of protein bound to ZipA, the affin-
ity and reversibility of the binding.
– On neutral lipids, circular condensates are promoted in-
stead of the straight bundles observed for the native FtsZ.
– E. coli polar lipids bilayer prevents polymers to form, and
affects the intrinsic viscoelasticity of the protein layer, indi-
cating a different conformation and rigidity of the anchor-
ing to the surface compared to the native protein.
• The lateral region of the FtsZ monomers altered by the mu-
tations affects the interaction between filaments and prevents
them from organizing. We propose that this aspect, along with
the reverisbility of the binding to ZipA, as relevant for the for-
mation of a contractile ring.
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C O N C L U S I O N E S
A continuación presento las conclusiones de esta tesis.
• El comportamiento en superficies es diferente del descrito en
solución para los mismos mutantes laterales de FtsZ:
– Los monómeros de éstos mutantes interactúan longitudi-
nalmente en superficie formando filamentos.
– A pesar de su baja actividad GTPasa observada en solución
no impide la polimerización y la reorganización en mica de
ambos mutantes.
– ZipA induce la formación de condensados circulares en
lugar de los agregados rectos que se forman con la proteina
nativa.
• Ambos mutantes laterales de FtsZ muestran un comportamien-
to diferente a la proteína nativa en su unión a sZipA anclada a
una bicapa lipídica plana:
– Alteran la cantidad de proteína unida, la afinidad a ZipA
y la reversibilidad de la unión.
– En lípidos neutros se forman condensados en forma de
rollos, a diferencia de los agregados rectos observados para
FtsZ nativa.
– La bicapa de lípidos polares de E. coli previene la forma-
ción de polímeros, y afecta las propiedades viscoelásticas
intrínsecas de la capa de proteína, indicando que la confor-
mación y rigidéz del anclaje a la superficie son distintos a
los observados en la proteína nativa.
• La región lateral de los monómeros alterada por las mutacio-
nes afecta la interacción entre los filamentos e impide que se
reorganicen. Proponemos que éste aspecto, junto con la reversi-
bilidad de la unión a ZipA, son relevantes para la formación de
un anillo contráctil.
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Parte VI
A P P E N D I X

A
S L B F O R M AT I O N O N A U S U B S T R AT E S
On this appendix we want to show the methodological contribution
of this thesis: forming a supported E. coli polar lipid bilayer on a QCM
Au-coated substrate.
Since a reported QCM characterization for the formation of an SLB
composed by negatively charged lipids is lacking in the literature,
this new approach will allow us to characterize the binding of FtsZ
to sZipA anchored to an E. coli polar lipids bilayer by Quartz crystal
microbalance (QCM).
a.1 substrate chemical modification
A supported lipid bilayer formation on untreated gold surfaces does
not take place spontaneously as on SiO2 surfaces [Wang et al., 2010].
However, Gutiérrez-Sánchez et al. [Gutiérrez-Sánchez et al., 2011] ha-
ve formed successfully a negatively charged E. coli lipid bilayer on
gold substrates functionalized with a 4-Aminothiophenol (4-ATP)
Self-Assembled Monolayer (SAM). We used the same construction for
QCM experiments but the surface became inactive within minutes
making our results difficult to reproduce. We used instead a similar
approach by treating the QCM gold coated sensor with a different
thiol: 3-mercaptopropionic acid. This particular thiol was chosen in
order to reproduce the negative surface charge distribution on gold
as is on freshly cleaved mica, in which E. coli polar lipid vesicles
spontaneously spread forming a bilayer in the presence of a divalent
cation, i. e., CaCl2.
Au-coated QCM substrates were cleaned with piranha solution
(3 : 1, H2SO4 98 % : H2O2 30 %), rinsed extensively with Milli-Q wa-
ter and dried under a nitrogen stream. Then a 3-mercaptopropionic
acid SAM was formed by immersing Au substrates in a 0,2 mM 3-
mercaptopropionic acid solution in deionized water/ethanol (1 : 1)
for 18 h at room temperature. The substrates were rinsed with Milli-
Q water and dried with N2 prior to assembly of the QCM chamber.
Within the pH range used on this thesis, the 3-mercaptopropionic
acid SAM will be negatively charged. The isoelectric point for the
propionic acid is 4.87 and are extensively used to produce hydrophilic
SAMs.
We then proceeded to characterize the SLB formed on a gold modi-
fied QCM substrates by Quartz Crystal Microbalance (QCM), Atomic
force microscopy (AFM) and Fluorescence recovery after photoblea-
ching (FRAP) measurements.
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a.2 slb formation by qcm-d
E. coli polar lipid liposomes were prepared as described on Chapter
6.1.1. The liposomes were injected at 0,1 mg/mL in the presence of diffe-
rent CaCl2 concentration (NiCl2 was also tested but generated a low
reproducibility, data not shown). Simultaneous resonant frequency
and dissipation measurements (Figure 56) indicate that an SLB might
be formed, if a concentration of 2 mM CaCl2 is present in the buffer.
This Ca2+ concentration seems to be the suitable concentration nee-
ded to bridge the interaction between the charged lipid head group
and the negatively charged substrate [Richter et al., 2003]. At diffe-
rent cation concentrations the resonant frequency shift in addition to
dissipation measurements show that vesicles fusion does not occur.
Figura 56: Resonant frequency shift and dissipation measurements for EcPl
liposomes at different CaCl2 concentration on Au substrate mo-
dified chemically with a 3-mercaptopropionic acid SAM.
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Our QCM measurements show the resonance frequency change for
the E. coli polar lipid bilayer is −36,5 ± 2,0 Hz, which corresponds
to a loaded mass per unit area of 660 ± 36 ng/cm2 using Sauerbrey
model (Equation 9, Chapter 6.3), and a dissipation < 1,25 × 10−6.
These values are higher than the reported values for EPC bilayers
formed on SiO2 [Keller and Kasemo, 1998] and the differences can
be due to the lipid composition (E. coli lipids have a larger molecular
weight than EPC lipids in addition to the a percentage of DOGS-NTA
lipid), ionic strength of the buffer solution, and hydration degree of
the supported bilayer [Cho et al., 2010].
We tested the homogeneity of the SLB by anchoring sZipA protein
to it. This protein has a 6-Histidine tail which shows an specific bin-
ding to the DOGS-NTA lipid present in the lipid composition, and
this binding site can be competed with the addition of imidazole. We
have shown that sZipA binding to the lipid bilayer is reversible after
addition of imidazole, and there is no unspecific binding of sZipA to
the substrate (see Chapter 7.1.1).
a.3 slb characterization by afm
The bilayer was further characterized by AFM. Prior to imaging the
substrate was cleaned with piranha solution (3 : 1, H2SO4 98 % :
H2O2 30 %), rinsed extensively with Milli-Q water and dried with N2.
Figure 57 shows an AFM topographic image of the bare Au-coated
QCM substrate.
Figura 57: AFM image for bare Au-coated QCM substrate. Indentation cur-
ve indicates a rigid substrate.
After the Au-coated QCM substrate was chemically modified with
a 3-mercaptopropionic acid SAM, we proceed to incubate liposomes
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at 0,2 mg/mL with and with-out CaCl2 for 1 h at room temperature.
Previously to imaging, the samples were extensively rinsed with buf-
fer.
Figure 58 show a topographic image for liposomes incubated wit-
hout CaCl2. We observe a fragmented lipid layer with a height corres-
ponding to a bilayer. This non-completely fused bilayer was fragile
and a continuous scanning easily exposed the substrate, as observed
in the zoomed image.
Figura 58: AFM images for EcPl liposomes incubated without CaCl2
on Au-coated QCM substrate chemically modified with a 3-
mercaptopropionic acid SAM. Profile shows the height of the bi-
layer across the green line on the AFM image.
If E. coli polar lipid liposomes were incubated with 2 mM CaCl2 a
complete bilayer was formed. Figure 59 show a topographic image of
the fused bilayer. The gray square indicates the location zoomed area,
and the profile of the heights is measured across the green line. The
indentation curve also in Figure 59 shows the rupture of the bilayer
on the approaching curve displayed in green (compare indentation
curve for the bare Au substrate on Figure 57).
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Figura 59: AFM image for EcPl liposomes incubated with CaCl2 on Au subs-
trate modified chemically with a 3-mercaptopropionic acid SAM.
Profile of the bilayer surface across the green line on the AFM
image. Indentation curve displays rupture of the bilayer.
Surface roughness analysis also shows the presence of a bilayer.
The bilayer smooths the surface: the average height for liposomes
incubated with CaCl2 is 6 nm whereas for bare Au is 8 nm.
a.4 slb characterization by frap
We made a final characterization for the mobility of the phospholi-
pids by measuring the diffusion coefficient for the E. coli lipid bilayer.
Lipid vesicles were prepared as described on Chapter 6.1.1, with a
lipid mixture containing a 1% molar ratio DiI C18 lipid fluorescen-
ce tracer. Supported lipid bilayers were formed on functionalized Au
coated QCM substrate incubating the liposomes at 0,2 mg/mL with and
without CaCl2 for 1 h at room temperature, and on mica with CaCl2
as reference.
Plot on Figure 60 shows FRAP data from E. coli lipid bilayers. Fluo-
rescence recovers after 15 minutes from the end of the photobleaching
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to a 75% for gold substrate treated with 3-mercaptopropionic acid
and to a 90% on mica, both in the presence of CaCl2. When liposo-
mes are incubated without CaCl2, the fluorescence intensity recovers
up to a 25% only.
Figura 60: FRAP data for E. coli lipid bilayer on Au substrate modified
with a 3-mercaptopropionic acid SAM. Liposomes were incuba-
ted with and without CaCl2 ( black triangles and open stars res-
pectively). Mica measurements are for reference (open circles).
The diffusion coefficient for the phospholipids gave a mean value
of 1,0± 0,2µm2s−1 and 0,8± 0,2µm2s−1 for E. coli bilayer on mica and
on functionalized Au respectively. These values are of the same order
of magnitude as for other reported fluid lipid bilayers [Adalsteinsson
and Yu, 2000, Nishibori et al., 2005, Weng et al., 2006, Dodd et al.,
2008, Gutiérrez-Sánchez et al., 2011].
a.5 summary
We have successfully formed an E. coli polar lipid bilayer on an Au-
coated QCM substrate functionalized with a 3-mercaptopropionic acid
SAM. Our QCM experiments indicate the E. coli polar lipid bilayer ob-
tained gives the expected values for mass adsorbed and dissipation,
and that this bilayer is uniformly distributed if 2 mM CaCl2 is present
in the buffer. Through AFM measurements we have shown the bila-
yer is uniform and it smooths the surface giving as a result a lower
average height for the formed structures as for bare Au. And finally,
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FRAP experiments indicate the phospholipids forming the bilayer are
mobile with the expected diffusion coefficient.
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